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Nutrient metabolic regulation by hypoxia is an essential 
physiological process to maintain the behavior of stem cell. 
Especially, lipid metabolism in the stem cells plays key roles in the 
regulations of cellular energetics, stemness and behavior. Previous 
investigators suggested that mitophagy and O-GlcNAc signaling 
induced by hypoxia are closely associated with metabolic regulation. 
However, the effect of hypoxia-induced mitpohagy and O-GlcNAc 
signaling on lipid metabolism of stem cell and the mechanism how 
lipid metabolism controls behavior are not completely described yet. 
Threfore, present study aimed to 1) investigate the effect of 
hypoxia on lipid metabolic enzymes expression and the mechanism 
how lipid metabolite controls stem cell behavior, and 2) 
demonstrate the effect of hypoxia-regulated mitophagy and O-
GlcNAc signaling on the lipid metabolic enzymes expression in stem 
cells and its associated mechanism.  
Results were as followings: 
1. I investigated the effect of hypoxia on lipid metabolic enzyme 
in umbilical cord blood-derived human mesenchymal stem cells 
(UCB-hMSCs). In the present study, hypoxia treatment induces 
UCB-hMSC proliferation, and expression of two lipogenic enzymes: 
fatty acid synthase (FASN) and stearoyl-CoA desaturase-1 
(SCD1). I further confirmed that FASN but not SCD1 is a key 
enzyme for regulation of UCB-hMSC proliferation and migration. 
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This finding indicates that FASN-produced palmitic acid stimulates 
proliferation and migration of UCB-hMSC under hypoxia. I 
demonstrated that hypoxia increased FASN expression via HIF-
1α/SREBP1 pathway. In addition, I observed that hypoxia 
stimulated mTOR phosphorylation at Ser2481 and Ser2448 residues, 
whereas inhibition of FASN by cerulenin blocked hypoxia-induced 
mTOR phosphorylation, proliferation and migration in UCB-hMSCs. 
RAPTOR siRNA transfection significantly inhibited hypoxia-
induced proliferation and migration. Hypoxia-induced mTOR also 
regulated cell cycle and cytoskeletal regulatory proteins. Taken 
together, these results suggest that hypoxia-induced FASN 
controls proliferation and migration in UCB-hMSCs through 
mTORC1 activation. [Stem Cells. 2015 33(7):2182-2195] 
2. To identify the major mitophagy regulator involving in 
hypoxia-induced lipid metabolic enzyme expression, I investigated 
the effect of hypoxia on mitophagy regulator expressions including 
PINK1, BNIP3, NIX and FUNDC1. And, my data presented that 
hypoxia reduced mitochondria marker expression in a time-
dependent manner and increased mRNA and protein expression 
levels of BNIP3 and NIX. In addition, BNIP3 silencing induced 
abberent regulation of mitochondrial ROS production, mitochondrial 
membrane potential and ER stress markers expression. I 
demonstrated that hypoxia-induced BNIP3 expression was 
regulated by CREB binding protein-mediated transcriptional actions 
- 4 - 
 
of HIF-1α and FOXO3. Silencing of BNIP3 expression by siRNA 
transfection inhibited hypoxia-induced SREBP1/FASN-dependent 
free fatty acid synthesis and mTOR activation. In addition, BNIP3-
silenced UCB-hMSC lost hypoxia preconditioning-induced 
phosphorylation of cofilin-1 and migration. In mouse skin wound 
healing model, transplantation of BNIP3-silenced UCB-hMSC 
delayed wound healing, recovered by palmitic acid. Collectively, 
these data suggest that hypoxia-induced BNIP3 expression via 
HIF1α and FOXO3 activation is a major mitophagy regulator for 
inducing the FASN-dependent lipogenesis, which is critical for 
migration and survival of UCB-hMSCs. [Redox Biol. 2017 13:426-
443] 
3. I examined the effect of glucosamine-induced O-
GlcNAcylation on lipid metabolic enzyme expression and survival of 
mESCs under hypoxia. My data showed that hypoxia treatment 
increased mESCs apoptosis in a time-dependent manner. And, 
hypoxia also slightly increased the O-GlcNAc level. Glucosamine 
treatment as an O-GlcNAc inducer further enhanced the O-GlcNAc 
level and prevented hypoxia-induced mESC apoptosis, which was 
suppressed by an O-GlcNAc transferase inhibitor ST045849. 
Hypoxia regulated several lipid metabolic enzymes while 
glucosamine increased expression of glycerol-3-phophate 
acyltransferase-1 (GPAT1), a lipid metabolic enzyme producing 
lysophosphatidic acid (LPA). I further investigated signaling 
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pathway how glucosamine controls GPAT1 expression. Glucosamine 
increased O-GlcNAcylation of Sp1, which subsequently leads to 
Sp1 nuclear translocation and GPAT1 expression. Silencing of 
GPAT1 by Gpat1 siRNA transfection reduced glucosamine-
mediated anti-apoptosis in mESCs with mTOR dephosphorylation. 
Indeed, LPA prevented mESCs from undergoing hypoxia-induced 
apoptosis and increased phosphorylation of mTOR and its 
substrates (S6K1 and 4EBP1). Moreover, mTOR inactivation by 
rapamycin increased pro-apoptotic proteins expressions and mESC 
apoptosis. Furthermore, transplantation of non-targeting siRNA and 
glucosamine-treated mESCs increased cell survival and inhibited 
flap necrosis in mouse skin flap model. Conversely, silencing of 
GPAT1 expression reversed protective effects of glucosamine. 
Based upon these findings, present study suggests that upregulation 
of O-GlcNAc level by glucosamine treatment enhances hypoxia-
induced GPAT1 expression through Sp1 activation, which leads to 
mTOR-mediated protection of mESCs against hypoxic damage. 
[Cell Death Dis. 2016 24;7:e2158] 
In conclusion, present study presented that 1) the HIF-
1α/FASN/mTORC1 axis is a key pathway linking hypoxia-induced 
lipogenesis with UCB-hMSC behavior, 2) BNIP3 is a major factor 
regulating mitophagy and lipogenesis induced by hypoxia, and 3) 
O-GlcNAc signaling enhanced by glucosamine suppresses 
hypoxia-induced mESC apoptosis through GPAT1 upregulation. 
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BACKGROUND 
1. Hypoxia  
 
A. Hypoxia as a stem cell regulator 
The concept of stem cell niche was firstly proposed by Schofield 
in 1978 (Schofield. 1978). Stem cell niche includes a variety 
cellular environment such as cells, oxygen, blood vessel, extra-
cellular matrix, nutrient and the three-dimensional space. Stem 
cells in the body are exposed to low oxygen pressure due to the 
physiological distribution of vessels. As shown in the Fig. 1, several 
scientists investigating the concentration of oxygen in vivo reported 
that the concentration of oxygen in stem cell niche is between <1-8% 
as a physiological normoxia (Simon et al., 2008). And, it has been 
known that self-renewal ability of stem cell depends on the signals 
from hypoxic microenvironment (Mohyeldin et al., 2010). Many 
investigators reported the variety of responses of stem cells 
against hypoxia, which is dependent on cell types and oxygen 
concentration (Eliasson et al., 2010; Ezashi et al., 2005; Mohyeldin 
et al., 2010). In addition, the control of oxygen signaling in stem cell 
has a potential to regulate migration, differentiation, proliferation 
and survival of stem cells (Covello et al., 2006; Dall et al., 2016; Shi 
et al., 2014; Simon & Keith. 2008). Reactive oxygen species (ROS) 
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induced by cellular oxidative stress is a byproduct of metabolism 
(Bigarella et al., 2014). The main sites of ROS generation are 
mitochondria, endoplasmic reticulum, and plasma membrane (Di 
Meo et al., 2016). ROS functions as a oxygen signaling which 
mediates the cellular physiology and bio-energetic metabolism in 
the stem cell (Liang et al., 2014). The metabolic regulation of ROS 
has been considered as an important strategy for functional 
regulation in stem cell (Burgess et al., 2014; Liang & Ghaffari. 
2014). Taken together, these findings suggest that control of 
extracellular oxygen concentration and intracellular oxygen 
signaling has a capacity to control stem cell metabolism and 
behavior. 
  





Figure 1. Hypoxia conditions in various stem cell niches. The 
schematic model shows the various hypoxic niches for neural stem 
cells (NSCs), mesenchymal stem cells (MSCs) and hematopoietic 
stem cells (HSCs) in the adipose tissue, the subventricular zone and 
the bone marrow, repectively. Red-colored cells in the figure 
indicate MSCs, NSC and CD34-positive HSCs. Various oxygen 
concentration is measured from body tissues and adjacent blood 
vessels, where NSCs, MSCs and HSCs reside have been reported in 
previous studies (Mohyeldin et al., 2010).  
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B. Hypoxia inducible factor (HIF) 
HIFs are the member of bHLH-PAS family, and binds to DNA 
consensus sequence, known as a hypoxia response element (HRE), 
in the promoter region of genes. It forms heterodimer complex 
consisting of HIF-α subunits (HIF-1α, 2α, and 3α), and β 
subunit (ARNT). HIF’s activity is dependent on the stabilization of 
subunit of HIF. HIF-α subunit is mainly controlled by post-
translational modification by prolyl 4-hydroxylases (PHDs) 
(Palomaki et al., 2013). The proline hydroxylation of HIF-α 
subunits by PHD under normoxia is necessary for interaction 
between HIF and Von Hippel-Lindau tumor suppressor protein 
(pVHL), and then HIF-α interacted with pVHL is degraded by 
ubiquitin-mediated proteosomal degradation process. Under 
hypoxia, conversely, oxidative stress inhibits the PHDs activation, 
and then HIF-α subunits are stabilized. HIFs induce transcriptional 
response in the various types of cells under hypoxia, which is 
involved in cellular metabolism and hypoxic adaptation (Palomaki et 
al., 2013). Many previous researchers investigating the role of 
HIF-1α in stem cell under hypoxia reported that HIF-1α induced 
by hypoxia acts as a regulator of differentiation, self-renewal, and 
survival (Keith et al., 2007; Palomaki et al., 2013; Ramirez-
Bergeron et al., 2001). In addition, hypoxia-stabilized HIF alters 
both glucose and lipid metabolism (Papandreou et al., 2006; Xie et 
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al., 2012a). Unlike glucose metabolism, however, the detailed 
mechanism how hypoxia induces lipid metabolic conversion in stem 
cells is not fully understood yet. 
  
2. Lipid metabolism  
 
A. Lipid metabolism in stem cells 
Energy production is necessary to keep the cellular homeostasis 
and match the cell-specific energetic demands. To ensure stem cell 
self-renewal and tissue regeneration, stem cells have to maintain 
the balance between anabolic- and catabolic metabolic pathway 
(Folmes et al., 2013). Study of stem cell metabolism has been 
focused on the role of glycolysis and oxidative metabolism in 
differentiation and cell survival. As a previous report showing the 
emergent lipid metabolic profile of neural stem cells (NSCs) and its 
crucial role in NSC activity (Knobloch et al., 2013), the potential of 
lipid metabolism in the stem cell control has attracted the interest of 
stem cell researchers. In addition, several previous investigators 
presented the lipid metabolism-derived fatty acid and lipid 
metabolites including lysophosphatidic acid (LPA), sphingosine-1-
phosphoate as essential energy sources and cellular signaling 
regulators of stem cells (Jung et al., 2015; Ryu et al., 2014; Ryu et 




B. Fatty acid synthase (FASN)  
Lipogenesis is dependent on the activity of rate limiting enzymes 
for fatty acid synthesis process, such as FASN and acetyl-CoA 
carboxylase (ACC). SREBP1 is a transcription factor that binds to 
sterol regulatory element on promoter region. SREBP1 induces the 
lipid biosynthesis regulating enzymes. SREBP1 activity is 
dependent on intracellular sterol levels (Gasic. 1994). Mammalian 
cells have two distinct SREBP genes, SREBP1 and SREBP2. 
SREBP1 is responsible for lipogenesis, but SREBP2 is involved in 
cholesterol metabolism. There has been a previous report showing 
the protective role of SREBP1-dependent lipogenesis in hypoxic 
cell death (Jung et al., 2012). In addition, SREBP1 contributes to 
lipid metabolic switch and somatic cell reprogramming (Wu et al., 
2016b). FASN is a major lipogenic multi-protein enzyme which 
catalyze the palmitic acid production form acetyl-CoA and 
malonyl-CoA. It has been known that FASN controls growth, 
proliferation and survival in the normal, cancer and stem cells (Fig.2) 
(Folmes et al., 2013; Veigel et al., 2015). In addition, a previous 
researcher reported that FASN is upregulated by hypoxia treatment, 
which is associated with hypoxia-induced chemoresistance in 
tumor cells (Furuta et al., 2008a). In stem cells, suppression of 
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FASN reduces proliferation in NSCs and expression of stemness 
markers in glioma stem cells (Knobloch et al., 2013; Yasumoto et al., 
2016). These evidences of lipogenesis-dependent stem cell fate 
provide a new insight into the potential role of lipid metabolism in 
stem cell regulation.  
 
C. Glycerol-3-phosphate acyltransferase (GPAT) 
The GPAT is a lipid metabolic enzyme which catalyzes the initial 
step in glycerolipid synthesis. GPAT1 is a major mitochondrial 
isoform which produces bio-active lipid metabolite, LPA. In liver 
cells, GPAT1 incorporates the synthesized fatty acid into 
triacylglycerol and reduces the fatty acid oxidation (Wendel et al., 
2013). Although the role of GPAT1 in stem cell regulation remains 
poorly understood, there are several reports investigating the effect 
of LPA in mesenchymal stem cells. Those reports showed that LPA 
stimulates proliferation, migration and anti-apoptosis in 
mesenchymal stem cells (Kang et al., 2015; Li et al., 2017; Liu et 
al., 2009a). Collectively, lipid metabolic regulation will provide a 
novel strategy for enhancing the therapeutic potential of stem cells. 
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Figure 2. Role of fatty acid metabolism in stem cell proliferation. 
The schematic model shows the FASN-dependent lipogenesis 
plays a key role in stem cell proliferation. In quiescent and low 
proliferating stem cells, Spot14 acts as a metabolic brake by 
buffering the FASN-medited fatty acid production. In high 
proliferating stem cells, however, FASN is upregulated by Spot14 
downregulaiton, which leads to lipogenesis. 
 




A. Definition of mitophagy 
Mitochondria are the major metabolic organelles controlling 
cellular energetic metabolism. To maintain the healthy mitochondria, 
eukaryotes have a mechanism to remove the damaged and 
unwanted mitochondria (Liu et al., 2014b). Mitophagy, 
mitochondrial selective autophagy, plays a key role in clearance of 
mitochondria in response to the various stressful environments, 
such as nutrient status, oxygen concentration and death signal. 
Mitophagy includes receptor-mediated mitophagy and receptor-
independent migophagy (Fig. 3). In the mitophagy-deficient cells, 
ROS production and oxidative stress are increased, which is closely 
involved in mitochondrial dysfunction and shortened life span 
(Kurihara et al., 2012; Richard et al., 2013). In the stem cells, 
PINK1/Parkin-dependent mitophagy has a critical role in 
mitochondrial metabolic switch that determines somatic 
reprogramming in induced pluripotent stem cells (iPSCs) 
(Vazquez-Martin et al., 2016). In addition, mitochondrial clearance 
by mitophagy in red blood cells and hematopoietic stem cells 
regulates the suppression of ROS production, survival, red blood 
cells maturation (Joshi et al., 2013). However, it remains unknown 
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that which mitophagy regulator contributes to hypoxia-induced 
mitophagy in stem cells. Therefore, further investigation into the 
role of mitophagy in stem cell physiology and metabolism under 
hypoxia is needed for development of efficient metabolic regulation 
in stem cells.  
 
B. Bcl2/adenovirus E1B 19 kDa protein interacting 
protein 3 (BNIP3) and NIX-mediated mitophagy 
BNIP3 is the first identified mitophagy receptor as a Bcl-2 
interacting protein (Chen et al., 1997a; Matsushima et al., 1998). 
BNIP3 is localized to mitochondria and ER. They regulate the ROS 
accumulation or mitochondrial respiration, which is associated with 
programmed cell death or necrosis (Bursch et al., 2008; Sowter et 
al., 2001). BNIP3 contains a LC3 interacting region (LIR) which 
interacts with LC3 (Novak et al., 2011). There are several previous 
reports investigating the effect of hypoxia on mitophagy receptors 
regulation. According to previous studies, BNIP3 is a mitophagy 
receptor involving in hypoxia-induced mitophagy (Liu et al., 
2014b). Hypoxia-induced transcription factors, HIF1α and FOXO3, 
transcriptionally regulate expression of BNIP3 and NIX 
(Chinnadurai et al., 2008; Sowter et al., 2001). The phosphorylation 
of BNIP3 at Ser17 and Ser24 residues stimulates the binding to LC3, 
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which leads to subsequent mitophagy (Zhu et al., 2013). A recent 
report demonstrated that BNIP3 induction through MAPK activation 
has a protective effect on UVB-inducd cell apoptosis (Moriyama et 
al., 2017). Conversely, antoher report showed that hypoxia-
induced BNIP3 induces apoptosis (Burton et al., 2009). Therefore, 
further investigation using stem cells is needed to deeply 
understand the role of BNIP3-dependent mitophagy in stem cell 
physiology and metabolism regulated by hypoxia. 
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Figure 3. Receptor-mediated mitophagy in mammalian cells. 
Mitophagy receptors, such as BNIP3, NIX and FUNDC1, are 
interacted with LC3 via LIR. LIRs in the BNIP3 and FUNDC1 can be 
reversibly phosphorylated by stress-induced kinases. Hypoxia and 
carbonyl cyanide m-chlorophenyl hydrazine (CCCP) 
dephosphorylate Ser13 and Tyr18 residues of FUNDC1. 
Dephosphorylated FUNDC1 interacts with LC3. Phosphorylation of 
Ser17 and Ser24 of BNIP3 is induced by metabolic stress. 
Phosphorylated BNIP3 has a higher affinity to LC3, leads to 
BNIP3-mediated mitophagy (Liu et al., 2014b). 
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4. β-linked N-acetyl glucosamine (O-GlcNAC) 
modification 
 
O-GlcNAcylation is the dynamic post translational modification 
which attaches a single O-GlcNAc moiety to Ser/Thr residues of 
cytosolic and nuclear proteins. As shown in the Fig. 4, O-GlcNAc is 
the product generated by hexosamine biosynthesis pathway (HBP) 
(Hart et al., 2007; Hart et al., 2011). O-GlcNAcylation signaling is 
the responsive to nutrient availability and cellular stress. In addition, 
the impairment of O-GlcNAcylation signaling is closely associated 
with pathogenesis of cancer, diabetic mellitus and 
neurodegeneration (Yang et al., 2017). O-GlcNAcylation is tightly 
controlled by two enzymes, one is the O-GlcNAc transferase (OGT) 
which transfer O-GlcNAC moiety to the hydroxyl group of the 
Ser/Thr residues and another one is the O-GlcNAcase (OGA) 
which catalyzes the hydrolysis of O-GlcNAc moiety. A single pair 
of O-GlcNAcylation-associated enzymes controls hundreds of 
cellular proteins in response to nutritional and hormonal signals 
(Yang & Qian. 2017). OGT and OGA are heavily presented in 
nucleus and cytosol, respectively (Lubas et al., 1997; Wells et al., 
2002). A previous study demonstrated that OGT O-GlcNAcylates 
transcription factors, such as nuclear factor κB (NF-κB), Sp1 and 
CREB (Golks et al., 2007; Rexach et al., 2012; Yang et al., 2001). 
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Previous researchers studying the effect of endogenous O-
GlcNAcylation on hypoxia-regulated cellular functions 
demonstrated that augmentation of endogous O-GlcNAcylation 
signling by OGT accumulation or glucosamine treatment induces 
vascular endothelial inflammatory response and prevents against 
hypoxia-induced Na+/glucose cotransporter (SGLT) dysfunction in 
renal proximal tubule cells (Liu et al., 2014a; Suh et al., 2014). A 
previous report showed that suppression of O-GlcNAcylation 
inactivates Oct4, which leads to disruption of pluripotency and re-
programming in embryonic stem cells (Jang et al., 2012). Also, O-
GlcNAcylation upregulation enhances anti-apoptosis of cardiac 
stem cell with post hypoxic stress (Zafir et al., 2013). Those 
findings indicate that O-GlcNAcylation acts as an essential factor to 
control of stem cell physiology.  
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Figure 4. Regulation of O-GlcNAcylation of protein through HBP. 
(A) Schematic model shows the nutrient flux through HBP contro 
O-GlcNAcylaiton of protein. 2~5% of glucose is enterd into the 
HBP.  Glutamine-fructose-6-phsphoate amidotransferase 1 
(GFAT1) catalyses Fructose-6-phosphate, the rate-limiting step 
of the HBP. (B) Schematic model presents OGT and OGA isoforms. 
OGTs  are nucleocytoplasmic (ncOGT), mitochondrial (mOGT) and 
short (sOGT) isoforms (Yang & Qian. 2017).  
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5. Mammalian target of rapamycin (mTOR) as a 
metabolic regulator 
 
A. Definition of mTOR  
mTOR is a 289 kDa Ser/Thr kinase that nucleates two distinct 
complexs, mTOR complex 1 (mTORC1) and mTOR complex 2 
(mTORC2) (Saxton et al., 2017). mTORC1 has five components: 
mTOR, regulatory-associated protein of mTOR (RAPTOR), 
mammalian lethal with Sec13 protein 8 (mLST8), proline-rich Akt 
substrate 40 kDa (PRAS40) and DEP-domain-containing mTOR-
interacting protein (DEPTOR) (Laplante et al., 2009; Peterson et al., 
2009). And, mTORC2 contains mTOR, rapamycin-insensitive 
companion of mTOR (RICTOR), DEPTOR, mammalian stress-
activated protein kinase interacting protein (mSIN1), protein 
observed with Rictor-1 (PROTOR) and mLST8 (Saxton & Sabatini. 
2017). mTOR signaling is associated with cellular physiology. For 
example, mTORC1 signaling controls protein synthesis, proliferation, 
growth, lipid and nucleotide synthesis, autophagy (Ma et al., 2008; 
Porstmann et al., 2008; Saxton & Sabatini. 2017). mTORC2 
signaling regulates cytoskeletal remodeling, migration and survival 
(Jacinto et al., 2004; Sarbassov et al., 2005; Saxton & Sabatini. 
2017). Previous investigators reported many extra- and 
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intracellular factors regulates mTORC1 and mTORC2 activites. 
Growth factors, amino acids and excessive nutrient status activate 
mTORC1. However, the effect of oxidative stress on mTOR 
signaling is still controversial (Schneider et al., 2008; Zhao et al., 
2017). It has been reported that substrates of mTORC1 and 
mTORC2 are S6K1, PGK, SGK, RSK, Akt, 4EBP1 and eIF4G (Hay 
et al., 2004; Wang et al., 2015). Activated mTOR signaling by 
CoCl2-induced hypoxic stress leads to HIF-1 stabilization (Hudson 
et al., 2002). This report supports that mTOR signaling is linked to 
hypoxic adaptation. Also it has been known that mTOR controls 
cellular metabolism, which is closely involved in diabetes, obesity, 
aging and neurodegenerative disease as well as cancer (Blenis. 
2017). Taken together, those findings present the mTOR as a 
nutrient sensor and metabolic regulator controlling pathogenesis of 
metabolic disease and cancer as well as cellular physiological 
process. 
 
B. Role of mTOR signaling in stem cells 
Many previous researchers have showed the key roles of mTOR 
signaling in stem cell function. Deletion of the C-terminal six amino 
acids of mTOR resulted in decreased cell size and cell cycle arrest 
in embryonic stem cells (Murakami et al., 2004). mTOR signaling 
inhibition by rapamycin treatment increased clonogenic capacity by 
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preventing stem cell senescence via mitochondrial superoxide 
dismutase (MnSOD), and subsequent suppression of ROS 
generation (Iglesias-Bartolome et al., 2012). mTOR singnaling 
pathway contributes to self-renewal of hematopotietic stem cells 
(HSCs) and human ESCs (Huang et al., 2012; Zhou et al., 2009). 
Activation of YAP/TAZ singaling in stem cells stimulated mTOR 
signaling to promote transition-amplifying (TA) cells proliferation 
(Hu et al., 2017).  In addition, mTORC1 signaling suppression 
contributes to switch of T cell metabolism to fatty acid oxidation 
and formation of stem cell-like memory T cells (Scholz et al., 
2016). Based upon those findings, mTOR signaling coordinates 
anti-aging, self-renewal and immune modulation of stem cells. 
However, the effect of mTOR regulation on stem cell under hypoxia 
has not been fully described yet. Therefore, further investigation is 
required for uncovering the relationship between mTOR and 
hypoxia-regulated stem cell behavior.  
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6. Stem cells 
 
A. Definition of stem cells 
Stem cells are defined as progenitor cells having capacity of self-
renewal and differentiation into the various differentiated somatic 
cells of all body organs and tissues (Smith. 2001; Weissman et al., 
2001). Stem cells are classified into the totipotent-, pluripotent-, 
multipotent stem cells. Potency of stem cell indicates its potential to 
generate differentiated progeny. For example, totipotent stem cells 
have a capacity to divide into the all differentiated cells in the body 
including embryonic tissues (Mitalipov et al., 2009). Pluripotent 
stem cells including embryonic stem cells (ESCs) have a potential 
to produce the three germ layers (ectoderm, endoderm and 
mesoderm)(Henningson et al., 2003). Embryonic stem cells have a 
capacity to produce all somatic lineages and germ-line chimeras. 
Multipotent stem cells, such as adult stem cells, have a limited 
differentiation potential which generates multiple lineages of 
somatic cells (Mikkola et al., 2003). Multipotent stem cells exist 
within the specialized tissue like adipose tissue, bone marrow and 
umbilical cord blood (UCB). In addition, stem cells have a clonality 
which means proliferative capacity for self-renewal (Weissman et 
al., 2001).  




ESCs are pluripotent stem cells which have a self-renewal 
capacity. Human ESCs are isolated from inner cell mass of 
blastocysts at the embryonic days 4 or 5 (Thomson et al., 1998). 
Isolated human ESCs are cultivated on feeder cells (mouse 
embryonic fibroblast) or matrigel to prevent from differentiation 
into other cells. Cultured ESCs without feeder cell layer or matrigel 
forms embryonic body which is a multi-cell layer mass containing 
differentiated and un-differentiated cells. Embryonic bodies have 
an ability to differentiate into the three germ layers. In the case of 
mouse ESCs (mESCs), leukemia inhibitory factor (LIF) is required 
to maintain the undifferentiation state. LIF binds to gp130 receptor 
in plasma membrane in the mESCs, which activates the Janus 
kinases (JAK)/signal transducers and activators of transcription 
(STAT) pathway (Lowe et al., 1995). Moreover, basic fibroblast 
growth factor (FGF) can sustain undifferentiated status of ESCs via 
Activin/Nodal signaling-mediated OCT4 expression (Honda et al., 
2009). Another report showed that bone morphogenetic protein 4 
(BMP4) can replace the LIF by induction of inhibitors of 
differentiation (Id) genes (Ying et al., 2003). ESCs provide a drug 
test platform to investigate the regulatory mechanism of 
differentiation into the specialized differentiated cells and assess 
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the developmental cell toxicity (Hou et al., 2013; Liu et al., 2009b). 
Despite this advantage of ESCs, high rate of cell death remains a 
barrier to ESC application. Therefore, many researchers are 
investigating the strategy to increase the survival rate of ESC 
during cultivation and modulation of stem cell fate. 
 
C. Human UCB-derived mesenchymal stem cells 
(hUCB-MSCs) 
Umbilical cord (UC) of human is a tubular structure organ which 
allows the exchange the oxygen and nutrients between the embryo 
and maternal placenta. Umbilical vein in the umbilical cord includes 
progenitor cells of the fetus, called umbilical cord blood (UCB) cells, 
which are derived from the trophoblast and other non-embryonic 
tissues (Flynn et al., 2007). UCB cells in the umbilical vein are 
considered as a potential stem cell or progenitor source which can 
be used for cell therapy and research. MSCs in the UCB source is 
identified as transplantable progenitor cells having a being of great 
therapeutic potential (Horwitz et al., 1999). According to many 
researchers addressing the MSC behavior, MSCs can be isolated 
from fat, urine, bone marrow as well as UCB (Schosserer et al., 
2015; Wagner et al., 2005). UCB-hMSCs have the advantages of 
high yield of cells relative to other MSC sources and being free 
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from the ethical concerns. UCB-hMSCs are long and spindle shaped 
adherent cells, which are positive for CD29, CD44, CD73, CD90, 
CD105 and HLA-ABC, but negative for CD14, CD34, CD45, CD74, 
CD106 and HLA-DR (Qiao et al., 2008). The differentiation 
potential of MSCs is demonstrated by in vitro assay of multi-
lineage differentiation into adiopocytes, osteocytes and 
chondrocytes. Considering that UCB-hMSCs have multipotent 
differentiation potential and self-renewal capacity, it has been 
considered as a good candidate for therapeutic stem cell and gene 
therapy. Transplantation of UCB-hMSCs into the damaged organ 
and wound site stimulate vascular repair, immune modulation and 
tissue regeneration (Gao et al., 2016; Gu et al., 2017; Lee et al., 
2016). Migratory and survival abilities of MSC is an important 
factor determining the therapeutic efficiency of UCB-hMSCs 
transplantation therapy (Kim et al., 2010b; Li et al., 2010). It has 
been demonstrated that several growth factors, cytokines and 
chemokines can regulate the migratory ability of stem or progenitor 
cells (Asahara et al., 1999; Llevadot et al., 2001; Unzek et al., 
2007). Based upon these findings, the further investigation into the 
development of strategy for enhancing the migratory and survival 
ability of UCB-hMSC is needed for successful UCB-hMSCs 
therapy. 
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There are indications that the fate of embryonic and adult stem 
cells is controlled by oxygen signaling. In early-stage pregnancy, 
the uterine surface where a fertilized egg is attached has a low 
oxygen level (< 2 % O2 saturation) (Genbacev et al., 1997). In 
addition, various adult stem cells such as HSCs, MSCs, and NSCs 
are thought to reside in niches characterized by low oxygen levels 
(< 1–8 % O2 saturation). It is likely that most stem cell niches have 
low oxygen levels, although further investigation into oxygen 
characteristics of other stem cell compartments is needed (Harrison 
et al., 2002; Kofoed et al., 1985; Mohyeldin et al., 2010). 
However, details of the hypoxia-related mechanisms that induce 
changes in stem cell function have not been fully described. 
Recently, interest in metabolic mechanisms and into differences 
between the metabolic profiles of stem and normal cells has 
increased. Reports on stem cell research have suggested several 
metabolic pathways as regulatory elements in stem cell 
maintenance; elements that maintain stem cell self-renewal by 
balancing energetic and biosynthetic requirements cooperatively 
(Ito et al., 2014). Interestingly, lipid metabolism as a key modulator 
of stem cell maintenance has also been suggested. The FASN, a key 
enzyme in de novo lipogenesis, may be involved in balancing redox 
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reactions through its ability to consume reducing equivalents (e.g., 
NADPH), which in turn may limit the need for oxidizing power 
(Kuhajda et al., 1994; Menendez et al., 2007). Indeed, treatment of 
supra-physiological levels of exogenous dietary FAs, such as 
palmitic and oleic acids, can reduce FASN inhibition-induced cancer 
cell death (Menendez et al., 2004). Although, FASN upregulation 
could be a mechanism for improving a hypoxia-induced redox 
imbalance, few authors have reported on this hypothesis. 
The HIF-1α is a crucial factor in hypoxia adaptation and acts via 
regulation of cellular energy metabolism, including alteration of 
nutrient metabolism-associated gene expressions that enhance 
stem cell survival (Krishnamurthy et al., 2004; Rey et al., 2011). 
Previous reports on the HIF activation pathway and the genes 
regulated by HIF have provided insight into hypoxia adaptation and 
regulation of hypoxia-mediated function. In addition, hypoxia-
induced HIF activation regulates both lipid and carbohydrate 
metabolism (Papandreou et al., 2006; Xie et al., 2012b). Compared 
to carbohydrate metabolism, however, lipid metabolism alteration 
under hypoxic condition has not been fully described. mTOR, a 
nutrient sensing molecule, is a factor potentially involved in 
proliferation, migration, survival, and differentiation of various cell 
types (Kumar et al., 2014; Murakami et al., 2004; Xiang et al., 
2011). However, details of the signaling pathways involved in 
mTOR regulation of stem cell function have not been fully described. 
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Therefore, further investigation of HIF and mTOR roles in various 
cells and conditions is required to elucidate how hypoxia-mediated 
metabolic changes are linked to specific changes in cellular behavior. 
Recent human MSC research may lead to diverse, new clinical 
applications including cell replacement and immunomodulatory 
therapies. In particular, UCB-hMSCs have attracted the interest of 
stem cell investigators because: (1) UCB-hMSCs are inexpensive, 
easily and non-invasively obtained; (2) they are the most abundant 
non-embryonic source of stem cells; (3) there are few ethical 
concerns related to UCB-hMSC research, and (4) there is less 
immunogenicity associated with UCB-hMSCs than with other stem 
cells (Le Blanc et al., 2003; Qiao et al., 2008; Yang et al., 2004). 
Furthermore, investigations into the physiological regulation of 
UCB-hMSCs may result in promising clinical applications of stem 
cells. In particular, an improved description of the relationship 
between hypoxia and stem cell metabolism will help to reduce the 
effort needed to sustain, develop, and control hMSCs ex vivo, and 
may result in therapeutic advantages in regenerative medicine. The 
aims of the present study were to identify the hypoxia-inducible 
lipid metabolic enzyme that regulates UCB-hMSCs proliferation and 
migration and to investigate the signaling pathway that the enzyme 
uses to control functional changes in UCB-hMSCs. 
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2. MATERIALS & METHODS 
 
2.1. Materials 
The UCB-hMSCs were provided by Medipost (Seoul, Korea) and 
were isolated as reported previously (Qiao et al., 2008). The 
provided UCB-hMSCs are positive for HLA-AB and characterized 
to express CD73 and CD105, but not CD14, CD34, or CD45. Fetal 
bovine serum (FBS) was purchased from Bio Whittaker 
(Walkersville, MD, USA), and FASN, HIF-1α, SCAP, Lamin A/C, 
β-actin, RhoA GTPase, Rac1 GTPase, Cdc42 GTPase, F-actin, 
profilin1/2, p-cofilin1 (Ser3), RICTOR, CDK2, CDK4, cyclin D1, 
cyclin E, and c-myc antibodies were acquired from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). RAPTOR, HIF-2α, SREBP1 
and mTOR antibodies were purchased from Abcam (Cambridge, MA, 
USA), and SCD1 antibody was obtained from Thermo Fisher 
(Waltham, MA, USA). Horseradish peroxidase (HRP)-conjugated 
IgG was obtained from Jackson Immunoresearch (West Groove, PA, 
USA). The p-mTOR (Ser2448, Ser2481) antibodies were 
purchased from Cell Signaling Technology (Beverly, MA, USA), and 
the HRP-conjugated rabbit anti-goat IgG was purchased from 
Santa Cruz Biotechnology. Rapamycin, cerulenin, and mitomycin C 
were acquired from Sigma-Aldrich (St. Louis, MO, USA), and 
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CAY10566 was obtained from Cayman (Ann Arbor, MI, USA). Small 
interfering RNAs (siRNAs) for HIF-1α, HIF-2α, RAPTOR, and 
RICTOR were purchased from Cosmo Genetech (Seoul, Korea). All 
experiments were performed with 8–10 passages of the tested cells. 
 
2.2. UCB-hMSC culture 
The UCB-hMSCs were cultured with α-minimum essential 
medium (α-MEM; Thermo Fisher). Cells were grown in 10% FBS 
with a 1% antibiotics mixture. Cells were cultured in 35, 60, or 100 
mm diameter culture dishes, or in 6- or 12-well plates in an 
incubator kept at 37°C with 5% CO2. The medium was changed to 
serum-free medium. After 24 h of incubation in serum-free 
medium, cells were washed twice with phosphate buffered solution 
(PBS), and placed in medium that included supplements. 
 
2.3. Hypoxia treatment 
Prior to treatment, UCB-hMSCs were washed with PBS, and the 
serum-free medium was replaced with α-MEM. A modular 
incubation chamber (Billups-Rothenberg, Del Mar, CA, USA) was 
used for hypoxia treatment. The gas used in the hypoxia 
experiments included 2.2% O2, 5.5% CO2, and 92.3% N2. The 
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incubation chamber was purged with the hypoxia gas at a flow rate 
5 L/min for 30 min prior to its placement in a conventional incubator 
at 37°C. 
 
2.4. Mouse skin wound-healing model 
Procedures involving animal followed the National Institutes of 
Health Guidelines for the Humane Treatment of Animals and were 
conducted with approval from the Institutional Animal Care and Use 
Committee of Seoul National University (SNU-140123-6). Eight-
week-old male Institute for Cancer Research (ICR) mice were used. 
Mice were anesthetized with a 2:1 mixture of Zoletil™ (20 mg/kg; 
Virbac Laboratories, Carros, France) and xylazine HCl (10 mg/kg; 
Rompun®, Bayer, Leverkusen, Germany). Mouse skin wound healing 
was performed as described previously (Dunn et al., 2013; Lee et 
al., 2011). Experimental animals were divided into five groups: 
wild-type mice that received vehicle (group 1, n=6); UCB-hMSC 
transplantation mice that received UCB-hMSCs pretreated with 
either vehicle (group 2, n=6) or 2 μM cerulenin (group 5, n=6) 
prior to incubation under normoxic conditions for 24 h; and 
hypoxia-treated UCB-hMSC transplantation mice that received 
UCB-hMSCs pretreated with either vehicle (group 3, n=6) or 2 
μM cerulenin (group 4, n=6) prior to incubation under normoxic 
condition for 24 h. 
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Skin wounds were created by using a 6 mm diameter biopsy 
punch. For treatment, 70 μL of PBS containing vehicle or UCB-
hMSCs (n=1× 106) with vehicle or cerulenin were injected into the 
dermis surrounding the wound site. Transplanted UCB-hMSCs 
were pretreated with bromodeoxyuridine (BrdU; 2 μM) for 24 h 
prior to injection. Silicone rings were attached to the peri-wound 
area by using surgical glue and a 6-0 nylon suture. All wound 
images were obtained at the same distance from the subject (30 cm) 
with a digital camera system (D50; Nikon, Tokyo, Japan). Wound 
size was determined by using ImageJ software (developed by 
Wayne Rasband, National Institutes of Health, Bethesda, MD; 
available at http://rsb.info.nih.gov/ij/). 
At post-injection day 11, all mice were euthanized and skin 
tissues from the area containing the wound were excised. Excised 
tissues were embedded in O.C.T compound (Sakura Finetek, 
Torrance, CA, USA) and frozen. Embedded tissue slices (10 μm 
thick) underwent hematoxylin and eosin (H&E) staining and 
immunohistochemical analysis. Samples for immunohistochemical 
analysis were immunostained with BrdU and propidium iodide (PI). 
Immunostained cells were visualized by using fluorescence 
microscopy and the results were analyzed with MetaMorph 
software (Universal Imaging, West Chester, PA, USA). 
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2.5. Western blot analysis 
Harvested cells were washed twice with ice-cold PBS prior to 
incubation in lysis buffer [1 mM EDTA, 1 mM EGTA, 20 mM Tris 
(pH 7.5), 1% Triton X-100, 1 mg/mL aprotinin, and 1 mM 
phenylmethylsulfonylfluoride (PMSF)] for 40 min on ice. The 
lysates were then cleared by centrifugation (15000 rpm at 4°C for 
50 min). The Bradford method was used to determine protein 
concentration (Bradford. 1976). Samples containing 10 μg of 
protein were prepared for 10% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and then transferred to a 
polyvinylidene fluoride (PVDF) membrane. Protein-containing 
membranes were washed with tris-buffered saline containing 0.1 % 
Tween-20 (TBST) solution [10 mM Tris-HCl (pH 7.6), 150 mM 
NaCl, and 0.1 % Tween-20] blocked with 5% skim milk or 5% 
bovine serum albumin (BSA) for 30 min. Blocked membranes were 
washed with TBST solution and incubated with primary antibody 
overnight at 4°C. The membranes were then washed and incubated 
with HRP-conjugated secondary antibody. The western blotting 
bands were visualized by using enhanced chemiluminescence 
(Amersham Pharmacia Biotech, Little Chalfont, United Kingdom). 
Densitometric analysis was carried out by using ImageJ software. 
 
2.6. Nuclear fraction preparation 
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Prior to harvesting, cells were washed twice with ice-cold PBS. 
Harvested cells were resuspended in buffer A [137 mM NaCl, 8.1 
mM Na2HPO4, 2.7 mM KCl, 1.5 mM KH2PO4, 2.5 mM EDTA, 1 mM 
dithiothreitol, 0.1 mM PMSF, and 10 mg/mL leupeptin (pH 7.5)]. 
Suspended cells were lysed mechanically by performing 
homogenization with a 23-gauge needle. Cell lysates were 
centrifugated at 8000 r/min for 5 min at 4°C. The obtained pellet, 
as a nuclear fraction, was then lysed with buffer A containing 1% 
(v/v) Triton X-100. 
 
2.7. GTP-RhoA, Rac1, and Cdc42 affinity 
precipitation 
Affinity precipitation assay kits (EMD Millipore, Billerica, MA, 
USA) were used to determine the activation of RhoA, Rac1, and 
Cdc42 according to the manufacturer's instruction. Cells were 
incubated for 5 min in ice-cold Mg2+ lysis buffer (EMD Millipore). 
The lysates were then incubated for 1 h with agarose beads 
interacted with either Rho-binding domain of rhotekin (GST-
Rhotekin-RBD) or Cdc42/Rac-binding domain (GST-PAK-PBD). 
Subsequently, the bound RhoA, Rac1, and Cdc42 proteins were 
diluted with 2× Laemmli sample buffer and assessed by western 
blotting. 
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2.8. mRNA isolation and reverse transcription 
polymerase chain reaction 
RNA was extracted from UCB-hMSCs by using the RNeasy Plus 
Mini Kit (Quiagen, Valencia, CA, USA). Reverse transcription (RT) 
was performed sequentially with 1 μg of RNA by using a Maxime 
RT premix kit (iNtRON Biotechnology, Sungnam, Korea). By using a 
polymerase chain reaction (PCR) kit (iNtRON Biotechnology), 
cDNA was amplified with the SREBP1, SCAP, and β-actin genes. 
2.9. Real-time PCR 
FASN, SCD1, SCD5, GPAT1, GPAT2, GPAT3, GPAT4, CPT1, 
MAGL, SREBP1, SCAP, and β-actin gene expressions were 
measured by using a Rotor-Gene 6000 real-time thermal cycling 
system (Corbett Research, Mortlake, Australia) with a QuantiMix 
SYBR kit (Phile Korea Technology, Daejeon, Korea) and the 
addition of sense and antisense primers and cDNA. Data were 
collected by using the manufacturer's software (Corbett Research). 
After performing real-time PCR, melting curve analysis was 
utilized to confirm the identity and specificity of the products. 
Normalization was performed by using β-actin as the endogenous 
control. Sequences of the primers used are described in Table 1. 
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Table 1. Sequences of primers used for PCR. 
 
 
2.10. Transfection of small interfering RNA (siRNA) 
Prior to hypoxia treatment, siRNAs specific for HIF-1α, HIF-
2α, RAPTOR, RICTOR, or non-targeting (NT) were transfected to 
UCB-hMSCs for 24 h with hyperfectamine (QIAGEN, Valencia, CA, 
USA) according to the manufacturer's instructions. The 
concentration of each transfected siRNA was 25 nM. The NT siRNA 
was used as the negative control. The siRNA sequences are 
described in Table 2. 
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Table 2. Sequences of siRNAs used for gene silencing. 
 
 
2.11. Measurement of cellular or extracellular free 
fatty acid levels 
Cellular or extracellular free fatty acid (FFA) levels of UCB-
hMSCs were measured by using a FFA quantification kit (Biovision, 
Mountain View, CA, USA) according to the manufacturer’s 
instructions. Briefly, 1 × 106 cells and 50 μL of medium were 
collected and acetyl-CoA synthetase (ACS) reagent, enzyme mix, 
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and enhancer were added to the sample. Mixtures were incubated 
for 30 min and FFA levels were detected by using a microplate 
reader (at γ = 550 nm). 
 
2.12. Cell number count and viability assay. 
Cells were washed twice with ice-cold PBS prior to incubation 
with a 0.05 % Trypsin and 0.5 mM EDTA solution. Detached cells 
were treated with soybean trypsin inhibitor (0.05 mg/mL) to 
quench trypsin. To exclude dead cells, 0.4 % trypan blue was added 
to the cell suspension. Subsequently, unstained live cells were 
counted by using a Petroff-Hausser counting chamber. 
To calculate the cell viability, use the formula as follows. Cell 
viability = {1- (number of trypan blue-stained cell ÷ number of 
total cells) × 100}. 
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2.13. Incorporation of [3H] thymidine 
The UCB-hMSCs were washed with PBS and maintained in 
serum-free medium. After the indicated treatment, the cells were 
treated with 1 μCi of [methyl-3H]-thymidine (Amersham 
Biosciences) and incubated for 1 h at 37°C. The cells were then 
washed twice with ice-cold PBS, fixed in 10% trichloroactetic acid 
(TCA) at room temperature for 30 min, and washed with 5% TCA. 
The acid-insoluble substance was dissolved in 2 N NaOH for 12 h 
at room temperature. The level of [3H]-thymidine incorporated 
with DNA was measured by using a liquid scintillation counter. All 
data were normalized from absolute counts to percentage of 
controls. 
 
2.14. MTT (3-(4,5,Dimethyl thiazolyl-2)-2,5-
diphenyl tetrazolium bromide) cell proliferation 
assay 
The UCB-hMSCs were cultured in a 6-well plate. Prior to 
harvesting, each well was treated with 100 pg/mL of MTT reagent 
(Sigma-Aldrich). Harvested cells were washed with PBS and 
incubated with dimethylsulfoxide (Sigma-Aldrich) for 10 min. 
Absorbance at 540 nm was measured by using an enzyme-linked 
immunosorbent assay-plate reader. 
- 57 - 
 
 
2.15. Immunofluorescence staining 
Cells were fixed with 3.7% paraformaldehyde for 10 min, followed 
by permeabilization with 0.1% Triton X-100 in PBS followed by 
washing with PBS. Cells were incubated with 1% FBS to decrease 
non-specific binding of antibody, and then incubated with 1:100 
dilution of primary antibody. Next, the cells were incubated for 1 h 
with either fluorescein isothiocyanate (FITC) conjugated anti-
rabbit and anti-mouse IgG antibody or Alexa Fluor® goat anti-
rabbit IgG counterstained with either PI or Alexa Fluor 488-
conjugated phalloidin (Invitrogen, Carlsbad, CA, USA) in PBS 
containing 1%. Images were obtained by using a FluoView™ 300 
fluorescence microscope (Olympus, Tokyo, Japan). I calculated the 
corrected total cell fluorescence (CTCF, ImageJ arbitrary unit) for 
quantification of protein expression by using ImageJ software. The 
equation used to determine CTCF is: CTCF = Integrated density − 
(Area of selected cell × Mean fluorescence of background 
readings). Three independent experiments were performed and 60 
cells (20 cells per experiment) were used for statistical analysis. 
 
2.16. Wound healing cell migration assay 
The UCB-hMSCs were seeded at 1 × 104 cells to each well of 
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an ibidi insert dish (ibidi, Martinsried, Germany), which has two 
silicon reservoirs separated by a 500 μm thick wall (Chieng-Yane 
et al., 2011). Cells were incubated in culture medium until full 
confluence was attained. Cells were incubated in serum-free 
medium for 24 h, and then the silicon reservoir insert was gently 
removed with sterile forceps. After hypoxia treatment for 24 h, 
cells were visualized by using an Olympus View™ fluorescence 
microscope with a 100× objective. 
 
2.17. Oris™ cell migration assay 
Cells were seeded at 1 × 104 cells per 100 μL in each well of 
an Oris™ plate (Platypus Technologies, Fitchburg, WI) and 
incubated for 24 h. Subsequently, the medium was change to serum 
free medium. After the well’s insert plug was removed gently, 
plates were incubated in a hypoxic condition for various periods. 
Cells were then stained with calcein AM (5 μM) for 30 min. The 
cells that had migrated into the denuded well area were measured 
by using a microplate reader at excitation and emission wavelengths 
of 485 and 515 nm, respectively. 
2.18. Live cell imaging 
Cells were stained with DAPI (2 μg/mL) in an ibidi insert dish. 
After removal of the silicon reservoir, cells were washed with PBS 
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and serum-free medium was added. The dish was then placed in a 
temperature and CO2 control chamber (Tokai, Tokyo, Japan). 
Differential interference contrast (DIC) and DAPI images were 
obtained over a 24 h period at 5 min intervals by using an Olympus 
IX81-ZDC zero-drift microscope and a Cascade 512B camera 
(Roper Scientific, Tucson, AZ, USA). The imaging devices were 
operated by using the multidimensional acquisition package of 
MetaMorph software (Molecular Devices, Sunnyvale, CA, USA). To 
determine cell migration distance, a constant threshold for each 
image was maintained. Analysis of cell migration distance was 
performed by using MetaMorph software (Molecular Devices). 
 
2.19. Statistical analysis 
Experimental data are summarized as a mean ± standard error 
(S.E). Differences among groups were tested by using ANOVA, and 
Comparisons of some treatment means with either control or 
hypoxia-treatment means were performed by applying the 
Bonferroni-Dunn test. A test result with a p value <0.05 was 
considered significant.
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 3. RESULTS 
 
3.1. Hypoxia promotes UCB-hMSC proliferation and 
migration 
To determine the effect of hypoxia on UCB-hMSC proliferation, 
UCB-hMSCs were incubated under hypoxic conditions for various 
periods (0–72 h). The [3H]-thymidine incorporation levels in the 
treated UCB-hMSCs increased in24 h of hypoxia treatment and 
decreased during the remaining 48–72 h of hypoxia treatment. After 
72 h of hypoxia, the [3H]-thymidine incorporation levels of the 
UCB-hMSCs were lower than that of the control cells (Fig. 
5A).The effect of hypoxia treatment on proliferation was further 
elucidated by counting cells. However, the number of cells after 48 
h of hypoxia was similar to that of the control, and was lower than 
that of control after 72 h (Fig. 5B). To investigate the effect of 
hypoxia on UCB-hMSCs migration, I performed ibidi insert dish 
assay and Oris migration assay. As shown in Figs. 6A-6C, hypoxia 
stimulated F-actin reorganization and UCB-hMSCs migration. 
Hypoxia also facilitated translocation of UCB-hMSC into the 
denuded area for cell migration. I quantified the percentage of 
migration by using the Oris migration assay. Cell migration under 
hypoxic condition for 12 and 18 h increased to 133.8 % and 147.5% 
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of the each normoxia control level, respectively (Fig. 6B). The 
maximum increase in F-actin expression was observed after 24 h 
of hypoxia treatment (Fig. 6D). By adding mitomycin C, cell 
proliferation inhibitor, I confirmed that hypoxia-induced UCB-
hMSC proliferation did not affect UCB-hMSC migration (Fig. 6E). 
In addition, long-term exposure (48-72 h) to hypoxia reduced 
viability (Fig. 7), 
  




Figure 5. Effect of hypoxia on UCB-hMSCs proliferation. (A) Cells 
were exposed to hypoxia for 0–72 h and then pulsed with 1 μCi of 
[3H]-thymidine for 1 h prior to counting. Data are reported as a 
mean ± standard error (S.E.) of three independent experiments with 
duplex dishes. * indicates p < 0.05 vs. normoxia control. (B) The 
number of cells was measured directly by using a counting chamber. 
Cells stained by trypan blue are excluded. Data are reported as a 
mean ± S.E of three independent experiments with duplex dishes. * 
indicates p < 0.05 vs. normoxia control. 
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Figure 6. Effect of hypoxia on migration of UCB-hMSCs. (A) Cells 
were exposed to hypoxia for 0–12 h. F-actin was stained with 
phalloidin and counterstained with PI. Scale bars, 50 μm 
(magnification, ×600). (B) Migration of hypoxia-treated cells for 
6-18 h was measured with an Oris™ migration assay kit. Data are 
reported as a mean ± S.E. n=10. (C) Cells cultured in ibidi insert 
dish were exposed to various periods of hypoxia. Scale bars, 100 
μm (magnification, ×100) (D) F-actin expression was detected 
by western blotting. (E) Cells were pretreated with mitomycin C (1 
μg/mL) before being exposed to hypoxia for 24 h. * indicates p < 
0.05 vs. control. * indicates p < 0.05 vs. control.  




Figure 7. Effect of hypoxia on survival of UCB-hMSCs. UCB-
hMSCs were incubated under hypoxic conditions for various periods 
(0 – 72 h). The viability of UCB-hMSCs was determined by cell 
viability assay. Data are reported as a mean ± S.E of three 
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3.2. Hypoxia predominantly stimulates lipogenic 
enzymes expressions in UCB-hMSCs 
To determine whether hypoxia treatment affects lipid metabolism 
of UCB-hMSCs, I screened for lipid metabolic enzymes mRNA 
expressions in UCB-hMSCs under hypoxic condition for 24 h 
Hypoxia treatment increased FASN, (stearoyl-CoA desaturase 1) 
SCD1, and SCD5 mRNA expression levels, but failed to regulate 
other lipid metabolic enzymes, including (glycerol-3-phosphate 
acyltransferase 1) GPAT1, GPAT2, GPAT3, GPAT4, (carnitine 
palmitoyltransferase 1) CPT1, and (monoacylglycerol lipase) MAGL 
mRNA expression levels (Fig. 8). In addition, I observed that FASN 
and SCD1 protein expression levels increased in a time-dependent 
manner but only during the initial 24 h of hypoxic incubation (Fig. 
9A). Immunofluorescence staining results showed an approximate 
two-fold increase in the fluorescence intensity of FASN and SCD1 
in hypoxia-treated UCB-hMSCs (Figs. 9B and 9C). 
  




Figure 8. Effect of hypoxia on UCB-hMSC lipid metabolic enzyme 
expression. (A) Cells were exposed to hypoxia for 24 h, after which 
FASN, SCD1, SCD5, GPAT1, GPAT2, GPAT3, GPAT4, CPT1, 
MAGL and β-actin mRNA were amplified by PCR and quantified 
using real-time PCR. Each mRNA expression was normalized by 
β-actin mRNA expression. Data are reported as a mean ± S.E.  
n=5. * indicates p < 0.05 vs. control. 
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Figure 9. Effect of hypoxia on UCB-hMSC lipid metabolic enzyme 
expression. (A) Cells were treated for various periods (0-72 h) in 
a hypoxic condition. FASN and SCD1 proteins were detected by 
western blotting. n=3. (B, C) Fluorescence densities (ImageJ 
arbitrary units) of FASN and SCD1 in the cellular region were 
measured by using confocal fluorescence microscopy. Scale bars, 
100 μm (magnification, ×400). The quantification data for the 
immunofluorescence images were the mean ± S.E. n=3 * indicates 
p < 0.05 vs. control. 
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3.3. Hypoxia-induced FASN expression regulates 
UCB-hMSCs proliferation and migration 
To determine whether FASN and SCD1 regulate UCB-hMSCs 
proliferation under hypoxic condition, I examined cell numbers after 
24 h of hypoxic incubation and with various concentrations of the 
FASN inhibitor cerulenin (100 nM–10 μM) or the SCD1 inhibitor 
CAY10566 (1 nM–1 μM). The number of UCB-hMSCs decreased 
at cerulenin concentrations ≥ 2 μM (Fig. 10A). Conversly, 
inhibition of SCD1 by CAY10566 did not affect the number of UCB-
hMSCs (Fig. 10B). In mESCs, however, CAY10566 (10 nM-1 μM) 
pretreatment reduced cell viability (Fig. 10C). To clarify the effect 
of FASN on hypoxia-induced UCB-hMSCs proliferation and 
migration, cells were incubated under hypoxic condition for 24 h 
and with cerulenin (2 μM) or palmitic acid (10 μM) pretreatment. 
Hypoxia treatment increased levels of cellular- (cell lysates) and 
extracellular (medium) FAs, but their levels decreased with the 
addition of cerulenin (Fig. 11A). Cerulenin pretreatment also 
reduced hypoxia-induced UCB-hMSC numbers and [3H]-
thymidine incorporation levels, but both were recovered by palmitic 
acid treatment (Figs. 11B and 11C). Cerulenin inhibited hypoxia-
induced cell migration. However, palmitic acid treatment rescued 
the cerulenin-induced suppression of cell migration (Fig. 12A). 
The above effects of cerulenin and palmitic acid were confirmed by 
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performing Oris migration assays for quantification (Fig. 12B). To 
confirm the effect of FASN on hypoxia-induced UCB-hMSCs 
migration in vivo, I performed mouse skin wound healing assay. The 
wound area was more significantly reduced by hypoxia-pretreated 
UCB-hMSCs than that of the addition of UCB-hMSCs alone. 
However, in both cases co-treatment with cerulenin slowed skin 
wound healing (Fig 13A), which is reconfirmed by histological 
evaluation through the hematoxylin and eosin staining (Fig. 13B). 
Immunohistochemistry results showed that hypoxia pretreatment 
stimulated migration of BrdU-positive UCB-hMSCs into the wound 
site, and cerulenin inhibited the migration of transplanted UCB-
hMSCs into the wound site (Fig. 14). 
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Figure 10. Role of FASN in hypoxia-induced proliferation in UCB-
hMSCs. (A, B) Cells were treated with various concentrations of 
cerulenin (100 nM–10 μM) or CAY10566 (1 nM–1 μM) for 30 min 
prior to hypoxia treatment. The number of cells was determined by 
using a counting chamber. Data are reported as a mean ± S.E. n=6. 
* indicates p < 0.05 vs. control, and # indicates p < 0.05 vs. hypoxia 
treatment alone. (C) Cells were treated with various concentrations 
of CAY10566 (1 nM–1 μM) for 24 h in a normoxic condition. The 
number of cells was determined by using a counting chamber. Data 
are reported as a mean ± S.E. n=6. * indicates p < 0.05 vs. control. 
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Figure 11. Role of hypoxia-induced FASN in FFA production 
proliferation of UCB-hMSCs. (A) FFA levels were measured by 
using a FFA quantification kit. n=8 * indicates p < 0.05 vs. cellular 
FFA of control group, $ indicates p <0.05 vs. medium FFA control, 
# indicates p < 0.05 vs. cellular FFA of hypoxia, and @ indicates p 
< 0.05 vs. medium FFA of hypoxia. (B) Cells were pretreated with 
cerulenin or palmitic acid for 30 min prior to hypoxia treatment for 
24 h and then pulsed with 1 μCi of [3H]-thymidine for 1 h. n=9. 
(C) The number of cells was determined by using a counting 
chamber. n=6. Data are reported as a mean ± S.E. * indicates p < 
0.05 vs. control, # indicates p < 0.05 vs. hypoxia, and ** indicates p 
< 0.05 vs. hypoxia with cerulenin. 
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Figure 12. Role of hypoxia-induced FASN in migration of UCB-
hMSCs. (A) Cells were pretreated with cerulenin or palmitic acid 
for 30 min prior to hypoxia treatment for 24 h. Cells cultured in 
ibidi dish were immunostained with phalloidin and PI, after which 
they were visualized by using fluorescence microscopy. Scale bars, 
100 μm (magnification, ×100). (B) Migration of hypoxia-treated 
cells was quantified by using an Oris™ migration assay kit. Data are 
reported as a mean ± S.E of three independent experiments with 
duplex dishes. * indicates p < 0.05 vs. control, # indicates p < 0.05 
vs. hypoxia alone, and ** indicates p < 0.05 vs. hypoxia with 
cerulenin.  
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Figure 13. Role of hypoxia-induced FASN expression in mouse 
skin wound healing. (A) Representative gross images of skin wound 
healing was obtained at days 0, 4, 9, and 11 after treatment. Wound 
sizes compared with original wound sizes at day 0 were quantified 
by using ImageJ software n=6. @ indicates p < 0.05 vs. vehicle 
group and * indicates p < 0.05 vs. UCB-hMSC group. Scale bars, 2 
mm. (B) Tissues containing wound sites were dissected at day 11 
after wound creation, and then stained with hematoxylin and eosin. 
Representative histological images are shown. Scale bars, 500 μm 
(magnification, ×40) and 200 μm (magnification, ×100). 
Abbreviations: C, crust; Ep, epidermis; D, dermis; GT, granulated 
tissue; and CL, cornified layer. 




Figure 14. Role of hypoxia-induced FASN in UCB-hMSC survival. 
UCB-hMSCs harboring BrdU were injected into the dermis 
surrounding the wound site. Transplanted UCB-hMSCs were 
immunostained with BrdU (green) and PI (red) for nuclear counter 
staining, which was visualized by using confocal microscopy. The 
relative numbers of BrdU-positive and PI-positive cells were 
analyzed by using MetaMorph software. Error bars indicate a mean 
± S.E. n=6 * indicates p < 0.05 vs. UCB-hMSC group, and # 
indicates p < 0.05 vs. hypoxia-pretreated UCB-hMSC group. Scale 
bars for high (×400) and low (×200) magnification, 200 μm.  
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3.4. HIF-1α/SCAP/SREBP1 pathway leads to 
hypoxia-induced FASN expression 
To identify how hypoxia induces FASN expression, I screened 
HIF-1α, HIF-2α, SREBP cleavage activating protein (SCAP), and 
(sterol regulatory element-binding protein 1) SREBP1 protein 
expressions during various periods of hypoxia treatment. As shown 
in Figs. 15A–15C, protein expressions of HIF-1α and HIF-2α 
were upregulated in a time dependent manner during hypoxia 
treatment. Moreover, real time PCR results indicated that hypoxia 
treatment increased SCAP and SREBP1 mRNA expressions with 
RT-PCR. In support of those mRNA expression results, hypoxia 
treatment also increased SCAP and mature SREBP1 protein 
expressions during the initial 24 h of hypoxia treatment, but both 
expression levels decreased during the remaining 48–72 h 
incubation period (Fig. 15C). Hypoxia treatment also promoted 
nuclear translocation of mature SREBP1 (Fig. 16A), which were 
confirmed by immunofluorescence staining results. Fluorescence 
intensity within the nuclear region increased to 153% of the control 
level after 24 h of hypoxia treatment (Fig. 16B). In addition, 
Hypoxia-induced SREBP1 maturation and FASN expression were 
suppressed by HIF-1α silencing and fatostatin pretreatment (Figs. 
17A and 17B).  
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Figure 15. Involvement of HIF-1α, SCAP, and SREBP1 in 
hypoxia-induced FASN expression. (A) Cells were exposed to 
hypoxia for 0–72 h, after which HIF-1α and HIF-2α were 
detected by western blotting. n=3(B) Total mRNA sample from 
UCB-hMSCs was reverse transcribed and SCAP and SREBP1 
genes were amplified by PCR after 0–24 h of hypoxia exposure. 
The mRNA expression was quantified by using real-time PCR. n=3. 
(C) Cells were exposed to hypoxia for 0–72 h and SCAP, precursor 
SREBP1, and mature SREBP1 were then detected by western 
blotting. Data are reported as a mean ± S.E. * indicates p < 0.05 vs. 
control. 
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Figure 16. Effect of hypoxia on nuclear translocation of SREBP1. 
(A) Cells were exposed to hypoxia for 24 h. Precursor SREBP1, 
mature SREBP1, lamin A/C and β-actin were detected by western 
blotting. (B) Cells were exposed to hypoxia for 0 or 24 h and 
SREBP1 was detected by immunostaining with SREBP1 antibody. 
Fluorescence intensity (ImageJ arbitrary units) in the nuclear 
region was quantified by using ImageJ software. n=3. Data are 
presented as a mean ± S.E. Scale bars, 50 μm (magnification, 
×600). * indicates p < 0.05 vs. control. 
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Figure 17. Regulatory role of HIF-1α in hypoxia-induced SCAP, 
SREBP1 and FASN expressions. (A) Cells were transfected for 24 h 
with either HIF-1α, HIF-2α, or NT siRNAs prior to hypoxia 
treatment for 24 h. HIF-1α, HIF-2α, SCAP, SREBP1, FASN, and 
β-actin were detected by western blotting. n=3. (B) Cells were 
pretreated with fatostatin (20 μM) for 30 min prior to hypoxia 
treatment. Precursor SREBP1, mature SREBP1, FASN, and β-
actin were detected by western blotting. n=3. *indicates p < 0.05 vs. 
control, and # indicates p < 0.05 vs. hypoxia treatment. 
- 79 - 
 
3.5. FASN expression under hypoxia treatment is an 
upstream regulator of hypoxia-induced mTOR 
phosphorylation 
To elucidate the interaction between hypoxia-induced FASN and 
the mTOR signaling pathway, I measured mTOR phosphorylation in 
UCB-hMSCs over various periods (0-72 h) of hypoxia treatment. 
Hypoxia increased the phosphorylation of mTOR in 24 and 48 h of 
incubation (Fig. 18A). After 24 h of hypoxia treatment, 
fluorescence intensity of p-mTOR (Ser2448 and Ser2481) 
increased to 356 % and 153% of the control level, respectively 
(Figs. 18B and 18C). Cerulenin pretreatment decreased hypoxia-
induced phosphorylation of mTOR 4EBP1 and p70S6K1, but those 
effects were inhibited by the addition of palmitic acid (Figs. 19A 
and 19B). These results indicate that hypoxia regulates mTOR 
activation of UCB-MSCs via FASN activation. As shown in Fig. 19C, 
I assessed HIF-1α, SREBP1, and FASN expressions following 24 
h of hypoxia or rapamycin (10 nM) treatment to determine whether 
hypoxia-induced mTOR activation also regulates FASN expression. 
The rapamycin treatment did not inhibit HIF-1α, SREBP1, or 
FASN expressions. Based upon these results, it is implicated that 
hypoxia-induced FASN expression is an upstream regulator of 
mTOR activation. 
- 80 - 
 
 
Figure 18. Effect of hypoxia on hypoxia-induced mTOR 
phosphorylation. (A) Cells were exposed to hypoxia for 0–72 h after 
which p-mTOR and mTOR were detected by western blotting. n=3. 
(B, C) Cells were exposed to hypoxia for 24 h, immunostained with 
p-mTOR (Ser2448 and Ser2481) antibodies and PI. Fluorescence 
images were acquired by using confocal fluorescence microscopy. 
Quantitative data are presented as a mean ± S.E. n=3. Scale bars, 
100 μm (magnification, ×400). * indicates p < 0.05 vs. control.
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Figure 19. Role of FASN in hypoxia-induced mTOR 
phosphorylation. (A, B) Cells were pretreated with cerulenin (2 μM) 
or palmitic acid (10 μM) for 30 min prior to hypoxia treatment for 
24 h and p-mTOR, mTOR, p-4EBP1 (Ser65), p-p70S6K1 
(Thr389), and β-actin were detected by western blotting. n=3. (B) 
(C) Cells were pretreated with rapamycin (10 nM) for 30 min prior 
to hypoxia exposure for 24 h, and HIF-1α, precursor SREBP1, 
mature SREBP1, FASN, and β-actin were detected by western 
blotting. n=3. * indicates p < 0.05 vs. control, # indicates p < 0.05 
vs. hypoxia, and ** indicates p < 0.05 vs. hypoxia with cerulenin. 
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3.6. Hypoxia-induced mTORC1 activation promotes 
UCB-hMSCs proliferation via expression of cell 
cycle regulatory proteins  
I then assessed how hypoxia-induced mTOR activation regulates 
UCB-hMSCs proliferation. Hypoxia increased cell cycle regulatory 
proteins including cyclin-dependent kinase 2 (CDK2), CDK4, cyclin 
D1, and cyclin E levels in a time-dependent manner in the initial 24 
h of hypoxia treatment (Fig. 20A). Pretreatment with rapamycin 
reduced the hypoxia-induced CDK2, CDK4, cyclin D1, cyclin E and 
c-myc expression levels (Figs. 20B and 20C). To determine which 
type of mTOR signaling pathway regulates cell proliferation under 
hypoxic conditions, I treated UCB-hMSCs with RAPTOR-, and 
RICTOR-specific siRNA as well as with rapamycin. As shown in 
Fig. 21, hypoxia-induced RAPTOR, CDK2, CDK4, cyclin D1 and 
cyclin E expression levels were inhibited to the greatest extent by 
RAPTOR-specific siRNA. I further assessed the role of mTOR in 
hypoxia-induced cell proliferation by using [3H]-thymidine 
incorporation and MTT proliferation assays, and by counting cells. 
Hypoxia-induced UCB-hMSC proliferation was significantly 
inhibited by RAPTOR siRNA pretreatment (Figs. 22A–22C). These 
results suggest that the mTOR complex 1 signaling pathway 
predominantly controls hypoxia-induced UCB-hMSCs proliferation. 
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Figure 20. Role of hypoxia-activated mTOR on UCB-hMSC 
proliferation. (A) Cells were incubated in a hypoxic condition for 0–
72 h. Total protein was extracted and blotted with CDK2, CDK4, 
cyclin D1, and cyclin E. n=3. * indicates p < 0.05 vs. control. (B, C) 
Cells were pretreated with rapamycin (10 nM) for 30 min prior to 
hypoxia treatment for 24 h, after which cell cycle regulatory 
proteins (CDK2, CDK4, cyclin D1, cyclin E, and c-myc) were 
detected by western blotting. n=3. * indicates p < 0.05 vs. control, 
# indicates p < 0.05 vs. hypoxia. 
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Figure 21. Role of hypoxia-induced RAPTOR on cell cycle 
regulator proteins. Cells were transfected with RAPTOR, RICTOR 
or NT siRNAs for 24 h prior to hypoxia treatment. RAPTOR, 
RICTOR, CDK2, CDK4, cyclin D1, and cyclin E were detected by 
western blotting. Data are reported as a mean ± S.E. n=3. * 
indicates p < 0.05 vs. control, # indicates p < 0.05 vs. hypoxia alone, 
and ## indicates p < 0.05 vs. hypoxia with NT siRNA. 
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Figure 22. Role of hypoxia-induced RAPTOR in proliferation of 
UCB-hMSCs. (A-C) Cells were pretreated with rapamycin (10 nM) 
for 30 min and transfected with RAPTOR, RICTOR, or NT siRNA 
for 24 h prior to 24 h of exposure to hypoxia. (A) Cells were pulsed 
with 1 μCi of [3H]-thymidine for 1 h prior to counting. n=9. (B) 
MTT proliferation assay reduction was detected at an absorbance 
of 545 nm by using a microplate reader. (C) Cells were counted by 
using a counting chamber. Data are reported as a mean ± S.E. n=9. 
* indicates p < 0.05 vs. control, # indicates p < 0.05 vs. hypoxia, 
and ## indicates p < 0.05 vs. hypoxia with NT siRNA. 
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3.7. Hypoxia-induced mTORC1 promotes UCB-
hMSCs migration via p-cofilin1, profilin1/2, and Rho 
GTPase 
Next, I investigated the effect of hypoxia-induced mTORC 
activation on UCB-hMSC migration. Through immunofluorescence 
staining, I further determined that the fluorescence intensity of 
proflilin1/2 and p-cofilin1 increased to 191 % and 188 % of control 
level, respectively (Figs. 23A and 23B). And, hypoxia treatment 
also increased proflin1/2 expression and cofilin1 phosphorylation, 
both of which were suppressed by rapamycin treatment (Fig. 23C). 
Moreover, RhoA GTPase was activated by hypoxia treatment, but 
Rac1 GTPase and Cdc42 GTPase were inactivated by hypoxia (Fig. 
24A). As shown in Fig. 24B, hypoxia-induced F-actin expression 
decreased via silencing of RAPTOR. However, RICTOR siRNA 
treatment did not affect F-actin expression. Regulation of cell 
migration by RAPTOR was quantified by using the oris migration 
assay, which was visualized by using the ibidi insert dish assay 
(Figs. 25A and 25B). I performed live cell imaging to monitor cell 
migration and determine cell migration distance. The UCB-hMSCs 
cultured under hypoxic condition exhibited a significant increase in 
cell the migration distance. Meanwhile, migration distance of UCB-
hMSCs that were transfected with RAPTOR siRNA was less than 
that of the control cells (Fig. 25C). Collectively, hypoxia-induced 
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cell migration is predominantly dependent on RAPTOR and is 
regulated by the F-actin regulatory protein. 
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Figure 23. Role of hypoxia-activated mTOR in p-cofilin and 
proflilin expressions. (A, B) Cells were exposed to hypoxia for 24 h 
and immunostained with p-cofilin1 (Ser3), profilin1/2 antibodies, 
and phalloidin. n=3. Scale bars, 100 μm (magnification, ×400). (C) 
Cells were pretreated with rapamycin (10 nM) for 30 min prior to 
hypoxia for 24 h. Samples were blotted with p-cofilin1 (Ser3), 
cofilin1, profilin1/2, and F-actin. Data are presented as a mean ± 
S.E. * indicates p < 0.05 vs. control, # indicates p < 0.05 vs. 
hypoxia alone. 
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 Figure 24. Role of hypoxia-activated mTOR in GTPases 
activation and F-actin expression. (A) Cells were treated with 
hypoxia for 24 h, after which activations of RhoA, Rac1, and Cdc42 
GTPases were measured with an affinity precipitation. RhoA, Rac1, 
and Cdc42 protein expressions were detected by western blotting. 
n=3. * indicates p < 0.05 vs. control, # indicates p < 0.05 vs. 
hypoxia, (B) Cells were transfected with RAPTOR, RICTOR, or NT 
siRNAs prior to hypoxia. F-actin expression was detected by 
western blotting. n=3. * indicates p < 0.05 vs. control, # indicates p 
< 0.05 vs. hypoxia, ## indicates p < 0.05 vs. hypoxia with NT 
siRNA. 
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Figure 25. Role of hypoxia-activated mTOR in UCB-hMSC migration. 
(A) Cells were pretreated with rapamycin (10 nM) for 30 min and 
were transfected with RAPTOR, RICTOR, or NT siRNA for 24 h 
prior to hypoxia treatment. Cell migration was detected with an 
Oris™ migration assay kit. n=9. * indicates p < 0.05 vs. control, # 
indicates p < 0.05 vs. hypoxia, and ## indicates p < 0.05 vs. 
hypoxia with NT siRNA. (B) Cells were immunostained with 
phalloidin and PI and then observed via confocal fluorescence 
microscopy. Scale bars, 100 μm (magnification, ×100). (C) 
Migration distance was measured by using MetaMorph software. 
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Accumulated cell migration distance is presented as a line graph. 
n=9. Data are presented as a mean ± S.E. * indicates p < 0.05 vs. 
control and ## indicates p < 0.05 vs. hypoxia with NT siRNA. 
  




In the present study, I demonstrated that hypoxia-induced 
upregulation of FASN via the HIF-1α/SCAP/SREBP1 pathway, 
regulates UCB-hMSCs proliferation and migration through mTORC1 
activation (Fig. 26). My data showed the long term of hypoxia 
incubation impairs stem cell functions in UCB-hMSCs, which can be 
explained by absence of ROS scavenger system of in vivo. Indeed, 
it has been reported that microenvironments, including stem cell 
niches, can affect stem cell function and ROS reduction (Ito et al., 
2004; Jang et al., 2007; Suda et al., 2005; Wang et al., 2013). In 
addition, I screened expression of lipid metabolic enzymes under 
hypoxic condition to confirm the effect of hypoxia in UCB-hMSCs 
lipid metabolism. Lipogenic enzymes such as FASN and SCD1 have 
critical roles in a variety of cell activities (Ben-David et al., 2014; 
Knobloch et al., 2013). FASN was higher than that of other lipid 
metabolic enzymes under hypoxic condition, and FASN inhibition 
abolished hypoxia-induced UCB-hMSCs proliferation. However, in 
contrast mouse embryonic stem cells (mESCs), inhibition of SCD1 
did not affect to UCB-hMSCs proliferation. These results indicate 
the importance of FASN on hypoxia-induced regulation of UCB-
hMSCs and metabolic differences between UCB-MSCs and mESCs.  




Figure 26. The schematic model for mechanism involved in the role 
of hypoxia-induced FASN in proliferation and migration of UCB-
hMSCs. Hypoxia induces HIF-1α expression, leads to activation of 
SREBP1. Mature SREBP1 translocates into the nucleus, which is 
followed by FASN expression. FASN induction increases FFA 
production and RAPTOR-dependent mTORC1 activation. Finally, 
activated mTORC1 stimulates proliferation and migration in UCB-
hMSCs. 
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Although identification of the factor making UCB-hMSCs are 
insensitive to SCD1 inhibition requires further study, it is postulated 
that the low endogenous level of ER stress in UCB-hMSCs may be 
a critical factor (Kim et al., 2010a). In addition, several studies 
have reported that HIF is associated with FASN expression, but the 
detailed mechanism that regulates FASN expression by HIF is 
unclear (Furuta et al., 2008b; Rankin et al., 2009). Indeed, the 
results of my study revealed that hypoxia-induced FASN, SCAP, 
and SREBP1 expressions are HIF-1α, not HIF-2α, dependent. In 
addition, it is demonstrated that activated SREBP1 by hypoxia in 
nucleus interacts with FASN promoter suggesting that SREBP1 may 
have a direct role in hypoxia-induced FASN expression (Furuta et 
al., 2008b). Taken together, hypoxia stimulates FASN expression 
via HIF-1α/SCAP/SREBP1 pathway. Besides, several recent 
studies reported that alteration of cellular metabolites ratios, such 
as NADP/NADPH, by hypoxia has also an important role in the 
regulation of various stem cell functions such as cell cycle and 
self-renewal activities (Cipolleschi et al., 2014), (Marzi et al., 
2013). These findings indicate that change of cellular metabolite 
ratios may be another pathway, in addition to the 
HIF1α/SCAP/SREBP1 pathway, involved in the regulation of lipid 
metabolism in UCB-hMSCs.  
Through this study, I have shown that hypoxia-induced FASN 
stimulates FFA production as well as proliferation and migration. In 
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addition, several studies reported that FAs and FA derivatives 
inhibited and uncoupled oxidative phosphorylation of various cells 
(Brustovetskii et al., 1991; Samartsev et al., 2002; Ventura et al., 
1995). Based upon these reports, there appears to be a close 
interaction among FAs, their bioactive metabolites and functions 
including proliferation and migration in UCB-hMSCs. In addition, I 
found that palmitic acid treatment rescues inhibition of mTOR 
phosphorylation as well as restriction of UCB-hMSC proliferation 
and migration. Although some studies have focused on the role of 
mTOR in regulating stem cell growth, survival, and proliferation, 
there are inconsistent results being reported whether hypoxia 
activates or inactivates mTOR signaling. For instance, Humar et al. 
demonstrated that hypoxia-induced mTOR activation is important 
for vascular cell proliferation and angiogenesis (Humar et al., 2002). 
Conversely, Vadysirisack et al. found that hypoxia-inducible 
REDD1 is essential for hypoxia-induced inhibition of mTORC1 
(Vadysirisack et al., 2012). Consistent with those results, I have 
shown that FASN is critical for hypoxia-induced mTOR 
phosphorylation, which is followed by promotion of UCB-hMSCs 
function. Several studies have shown that phosphorylation of mTOR 
can be indicative of mTOR activation (Hornberger et al., 2007; 
Moschella et al., 2007; Rosner et al., 2010). Although I did not 
identify the mechanism that regulates mTOR via FASN, I suggested 
that palmitic acid produced by FASN may be associated with the 
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providing ATP sources, as well as with the providing support to 
cellular membranes, lipid rafts, and extracellular signals (Beneteau 
et al., 2008; Currie et al., 2013). 
There are several reports showing that the role of mTOR in cell 
proliferation and migration is dependent on the type of mTORC 
(Guertin et al., 2007; Gulhati et al., 2011; Zhou et al., 2011). In this 
study, I found that hypoxia induces both proliferation and migration 
of UCB-hMSCs, and those effects are RAPTOR-dependent. In 
addition, my result showed that hypoxia increases RAPTOR, not 
RICTOR, expression; thus suggesting that hypoxia-induced 
RAPTOR is responsible for mTORC1-dependent UCB-hMSC 
proliferation and migration. Furthermore, I found that hypoxia-
induced mTOR activation regulates expression of c-myc, a potent 
cell cycle regulatory transcription factor, which can be associated 
with hypoxia-mediated UCB-hMSCs proliferation. Wang et al. 
reported that rapamycin-induced mTOR inactivation could reduce 
c-myc expression in T cells (Wang et al., 2011). Moreover, my 
results also showed that hypoxia-induced mTOR activation 
upregulates F-actin regulatory proteins, such as p-cofilin, profilin 
and Rho GTPase, thus indicating that F-actin organization via the 
actions of actin regulatory proteins is important for hypoxia-
induced cell migration (Gulhati et al., 2011). In support of those 
results, I observed that the number of UCB-hMSCs with a high 
level of organized F-actin and with extended cell bodies increased 
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after hypoxia treatment. Particularly, my results showed that 
hypoxia-induced mTOR activation increased RhoA activity, but not 
Rac1 and Cdc42, which reveals contradictory with commonly known 
role of Rac1. However, it has been also reported that the 
contribution of small GTPases in migration appears cell-type 
specific (Abecassis et al., 2003; Filippi et al., 2007; Luckashenak et 
al., 2013). Liu et al. demonstrated that inhibition of cell migration by 
rapamycin is mainly RhoA, not Rac1 and Cdc42, dependent (Liu et 
al., 2010). In addition, several studies have reported that activated 
Rho GTPase antagonizes Rac1 and Cdc42 GTPases activities in 
migrating cells (Baird et al., 2005; Boulter et al., 2012; Ohta et al., 
2006). Collectively, these findings indicate that RhoA-dependent 
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Metabolic alteration of stem cells under hypoxia is prerequisite to 
controlling stem cell function activated by oxygen signaling (Ito & 
Suda. 2014; Ryu et al., 2015b). Many investigators have shown that, 
in regenerative medicine, stem cell regulation with hypoxia has 
many advantages for stem cell functional regulation compared to 
that with normoxia (Abdollahi et al., 2011; Lavrentieva et al., 2010). 
However, the essential metabolic factor that enhances and sustains 
the functional regulation of stem cells by hypoxia has been 
incompletely described. Investigation to unveil the relationships 
between metabolism and stem cell physiology under hypoxia is 
required to optimize stem cell-based therapy for clinical application 
in regenerative medicine. As several investigators recently 
demonstrated, FA and its metabolites, such as sphigosine-1-
phosphate and LPA produced within the stem cell have the capacity 
to control the metabolism and behavior of stem cells, although it is 
reported that the role of FA oxidation in ATP synthesis is 
insignificant (Fillmore et al., 2015; Kang et al., 2015; Lee et al., 
2015; Sun et al., 2016). Thus, the interest in the role of lipid 
metabolism regulation by hypoxia is increasing. Some studies 
investigating lipid metabolic changes induced by hypoxia reported 
that hypoxia stimulates FA uptake, de novo FA synthesis, and FA 
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metabolite synthesis (Ader et al., 2008; Cao et al., 2014). However, 
there are few studies investigating the role of lipid metabolism 
altered by hypoxia in stem cell regulation. Despite ROS 
accumulation, which causes ischemic injury, the detailed mechanism 
involved in how stem cells exposed to hypoxia maintain lipid 
metabolism and function is not fully described. An investigation into 
factors protecting against impairment of lipid metabolism shift under 
high ROS accumulation conditions should provide novel insight into 
the control of stem cells under hypoxia. 
Mitophagy is mitochondria-specific autophagy that removes 
mitochondria in order to maintain mitochondrial quality (Liu et al., 
2014b). It has been shown that mitophagy prevents mitochondrial 
dysfunction, inflammation, apoptosis, and severe oxidative stress, 
which are closely associated with pathological progress of 
neurological and metabolic diseases (Hammerling et al., 2017; 
Wallace. 2005). Mitophagy is mediated by two mitophagy regulator 
types, mitophagy receptor and E3 ubiquitin ligase. In addition, some 
investigators have reported that hypoxia-induced metabolic stress 
stimulates mitophagy (Liu et al., 2014b; Wu et al., 2015). Mild 
oxidative stress specifically induces mitophagy without nonspecific 
autophagy, whereas a high ROS level stimulates both autophagy and 
mitophagy as a negative-feedback mechanism to reduce 
mitochondria-derived ROS production (Frank et al., 2012; Kurihara 
et al., 2012; Scherz-Shouval et al., 2011). Many researchers have 
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attempted to demonstrate the mechanism for the initial stimulation 
of mitophagy by oxidative stress. Several mitophagy regulators 
including mitophagy receptors, such as BNIP3, NIX, FUN14 domain 
containing 1 (FUNDC1), PINK1/Parkin, which induce mitophagy in 
mammalian cells under hypoxia, have been identified (Lin et al., 
2014; Sowter et al., 2001; Wu et al., 2016a). However, there have 
been no studies investigating the contribution of such mitophagy 
regulators to mitophagy induced by hypoxia in stem cells. Since 
there are few studies demonstrating the role of mitophagy in stem 
cell differentiation, further investigation is required to elucidate the 
relationships between mitophagy and stem cell regulation under 
hypoxia (Joshi & Kundu. 2013). In addition, uncovering the 
molecular mechanism involved in mitophagy regulation of lipid 
metabolism in stem cells under hypoxia can answer the question: 
What is the key player in the induction and maintenance of lipid 
metabolism in stem cells under hypoxia? 
Clinical application of hMSCs has been considered a promising 
therapeutic strategy for scarless wound healing and ischemic injury 
(Doi et al., 2016; Liew et al., 2012). The hMSC effect is associated 
with cell replacement and paracrine effects leading to angiogenesis 
and damaged tissue repair (Boomsma et al., 2012; Dimarino et al., 
2013; Rocheteau et al., 2015). UCB-hMSCs are the most abundant 
non-embryonic cell source and have generated remarkable interest 
in researchers studying stem cell-based therapy, because of their 
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multiple differentiation potential and immune modulation capacity, as 
they can be obtained easily and non-invasively without ethical 
concerns (Qiao et al., 2008; Wang et al., 2009). Therefore, 
investigation into the regulation of UCB-hMSC physiological 
function under hypoxia may improve the therapeutic effect of UCB-
hMSCs in regenerative medicine. The aim of my investigation is to 
identify the detailed regulatory mechanism of a major mitophagy 
regulator controlling lipid metabolism and therapeutic potential of 
UCB-hMSCs under hypoxia. 
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2. MATERIALS & METHODS 
 
2.1. Materials 
The UCB-hMSCs, obtained from Medipost (Seoul, Korea, 
http://www.medi-post.com). The UCB-hMSCs were positive for 
HLA-AB but not for HLA-DR, and characterized to express CD73, 
CD105, but not CD14, CD34, and CD45. FBS and antibiotics for 
UCB-hMSC cultivation were purchased from Hyclone (Logan, UT, 
USA) and Gibco (Grand Island, NY, USA), respectively. COX4, α-
SMA , F-actin and SREBP1 antibodies were purchased from Abcam 
(Cambridge, MA, USA). LC3B, NIX and HIF-1α antibodies were 
obtained from Novus Biologicals (Littleton, CO, USA). BNIP3, β-
tubulin, β-actin, PINK1, Lamin A/C, CBP, FASN, p-cofilin1, 
cofilin1 and caspase-9 antibodies were purchased from Santa Cruz 
(Paso Robles, CA, USA). p-S6, p-eIF2α, eIF2α, p-mTOR, mTOR, 
p-S6K1, cleaved caspase-3 and FOXO3 antibodies were purchased 
from Cell Signaling Technology (Danvers, MA, USA). HNA antibody 
was acquired from EMD Millipore (Billerica, MA, USA). Horseradish 
peroxidase (HRP)-conjugated rabbit anti-mouse and goat anti-
rabbit secondary antibodies were obtained from Thermo Fisher 
(Waltham, MA, USA). Alexa fluor 488- and 555-conjugated 
secondary antibodies and PI were purchased from Life 
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Technologies (Gaithersburg, MD, USA). CAY10566 was obtained 
from Cayman chemical (Ann Arbor, MI, USA). Cerulenin, C646 and 
fatostatin were acquired from Sigma-Aldrich (St. Louis, MO, USA). 
siRNAs for PINK1, BNIP3, NIX , FOXO3 and non-targeting were 
purchased from Dharmacon (Lafayette, CO, USA). HIF1A siRNA 
was obtained from Gene Pharma (Gene Pharma, Shanghai, China). 
All reagents used in the present study were of the highest quality 
commercially available forms. 
 
2.2. Cultivation of UCB-hMSCs 
The detailed protocol for UCB-hMSCs cultivation is described in 
Materials and Methods section of CHAPTER I. 
 
2.3. Hypoxia treatment 
The detailed protocol for hypoxia is described in Materials & 
Methods section of CHAPTER I. 
 
2.4. Western blot analysis 
The detailed protocol for western bolot analysis is described in 
Materials & Methods section of CHAPTER I. 
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2.5. Preparation of mitochondrial fraction sample 
Mitochondrial isolation was performed by using a commercial 
mitochondrial isolation kit (Thermo Fisher) according to the 
manufacturer’s manual. Briefly, harvested samples were incubated 
in Reagent A for 2 min on ice. Subsequently, the cell lysate sample 
was incubated with Reagent B for 5 min. Next, Reagent C was 
added to the lysate sample. The cell lysate sample was 
centrifugated at 3000×g for 15min. Supernatant was used as a 
cytosolic fraction. The pellet was lysed with 2% CHAPS in Tris-
buffered saline (25mM Tris, 0.1M NaCl, pH7.2) solution and used 
as a mitochondrial fraction for 30 min on ice. 
 
2.6. Preparation of nuclear fraction sample 
The detailed protocol for nuclear fractionation is described in 
Materials & Methods section of CHAPTER I. 
 
2.7. Reverse transcription-polymerase chain 
reaction (PCR) and real-time PCR 
RNA was extracted by using a MiniBEST Universal RNA 
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extraction kit (TaKaRa, Otsu, Shiga, Japan). RNA (1 µg) was 
reverse-transcribed with a Maxime RT-PCR PreMix kit (Intron 
Biotechnology, Seongnam, Korea) to produce the cDNA sample. 
Reverse transcription was performed for 1 h at 45°C and 5 min at 
95°C. The cDNA sample was amplified with a QuantiNova SYBR kit 
(Life Technologies) and mRNA primers for FASN, SCD1, SCD5, 
GPAT1, GPAT3, GPAT4, MAGL, DGAT1, CPT1A, and ACTB. The 
expression of ACTB mRNA was used for normalization of gene 
expressions.. The primer sequences are described in Table 3. 
Amplification of cDNA was carried out by using a Rotor-Gene 6000 
real-time thermal cycling system (Corbett Research, Mortlake, 
NSW, Australia). Real-time PCR was performed as follows: 10min 
at 95°C for DNA polymerase activation and 50 cycles of 15 sec at 
94°C, 20 sec at 55°C, and 30 sec at 72°C. The identity and 
specificity of the PCR product was validated by performing melting 
curve analysis. Quantification analysis was performed by using the 
Rotor-Green 6000 Series Software package (Corbett Research). 
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Table 3. Sequences of primers used for RT-PCR and real-time PCR.
 
 
2.8. Transfection of siRNA 
Prior to treatment of reagent or hypoxia, 20 nM of siRNAs 
specific for PINK1, BNIP3, NIX, FOXO3, and NT with transfection 
reagent TurboFect™ (Thermo Fisher) were added to UCB-hMSCs, 
which were then incubated for 24 h in a conventional cell incubator 
at 37°C in 5% CO2. The siRNAs sequences used in this study are 
described in Table 4. The siRNAs of PINK1, BNIP3 and NIX were 
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significantly decreased their mRNA expressions, respectively (Fig. 
27). 
 
Table 4. Sequences of siRNAs used for gene silencing. 
 




Figure 27. The effect of siRNAs on mRNA expressions of PINK1, 
BNIP3 and NIX. (A-C) UCB-hMSCs were transfected with PINK1, 
BNIP3 and NIX siRNAs for 24 h. The mRNA expressions of PINK1, 
BNIP3 and NIX were analyzed by qPCR. The mRNA expression 
levels were normalized with ACTB mRNA expression level. Data 
are presented as a mean ± S.E. n = 4.   
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2.9. Co-immunoprecipitation 
To confirm the formation of a protein complex in a cell lysate 
sample, I performed co-immunoprecipitation with a commercial co-
immunoprecipitation kit (Thermo Fisher) according to 
manufacturer’s manual. Harvested cells were lysed with IP lysis 
buffer and incubated for 5 min on ice. Cell debris was cleared by 
centrifugation at 13,000×g, 4°C for 10 min. Supernatant sample 
was collected. Determination of protein concentration of lysate 
sample was performed with a BCA quantification assay (Thermo 
Fisher). CBP antibody was immobilized with AminoLink Plus 
coupling resin (Thermo Fisher) for 2 h. Immobilized resin was 
washed with a commercial wash buffer and incubated with cell 
lysate for 6 h at 4°C. IgG antibody was provided in an IP kit and 
used as a negative control to assess the degree of non-specific 
binding to resin. Protein samples were analyzed by western blot 
analysis. 
 
2.10. Measurement of cellular FFA production 
The detailed protocol for FFA measurement is described in 
Materials & Methods section of CHAPTER I. 
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2.11. CHIP assay 
CHIP assay was performed by using EZ-CHIP-Chromatin 
immunoprecipitation kit (EMD Millipore, Billerica, MA, USA) 
according to the manufacturer’s manual. Briefly, samples lysed by 
SDS lysis buffer were incubated with HIF-1α, FOXO3, normal IgG, 
and Pol III-specific antibodies overnight at 4°C. Normal IgG and 
Pol III-specific antibodies were used as negative and positive 
controls, respectively. Immunoprecipitated protein-chromatin 
complex samples were eluted with elution buffer provided with the 
kit {1% SDS, 50mM Tris-HCl (pH7.5), 10 mM EDTA}. Eluted 
samples were incubated with 5 M NaCl at 65°C for 4h and 
subsequently incubated with RNase A at 37°C for 30 min. Eluates 
were incubated with 0.5 M EDTA, 1M Tris-HCl, and proteinase K 
at 45°C for 2 h. DNA was acquired by using DNA purification 
column and amplified by real-time PCR with primer. The primer 
sequences and target consensus sequences for CHIP assay are 
described (Table 5 and Fig. 28). 
 
Table 5. Sequences of CHIP primers used for PCR.  
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Figure 28. Binding sequences of FOXO3 and HIF-1α to Human 
BNIP3 promoter. Consensus sequences of FOXO3 (GGAAAGA) and 
HIF-1α (CGTG) on Human BNIP3 gene promoter (1000 bp from 
transcription starting sequence) are described. 
  

















 40 CCCTGTGAGTTCCTCCGGCCGGGCTGCGGGGCTCCGCTCA 
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2.12. Immunocytochemistry 
The detailed protocol for immunocytochemistry is described in 
Materials & Methods section of CHAPTER I. 
 
2.13. Trypan blue exclusion cell viability assay 
The detailed protocol for trypan blue exclusion cell viability assay 
is described in Materials & Methods section of CHAPTER I. 
 
2.14. AnnexinV / PI apoptosis detection 
To evaluate apoptosis of UCB-hMSCs, annexinV-FITC and PI-
double staining analysis was performed by using an annexinV-FITC 
apoptosis detection kit (BD Bioscience, Franklin Lakes, NJ, USA) 
according to the supplier’s instructions. After treatment, UCB-
hMSCs were collected and counted by using a Petroff-Hausser cell 
counting chamber. Cells (1×105) were suspended in binding buffer 
supplied by a commercial kit. AnnexinV-FITC (5 μL) and PI (5 
μL) were added to the cell suspension solution, which was then 
incubated for 15 min at room temperature. UCB-hMSC apoptosis 
was measured by using flow cytometry (Beckman Coulter, Fullerton, 
CA, USA). Cells (3×103) that had similar side scatter and forward 
scatter levels were measured by using flowing software (developed 
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by Perttu Terho, Turku, Finland). AnnexinV-negative and PI-
negative (Q3) cells were considered viable. AnnexinV-negative and 
PI-positive (Q1), annexinV-positive and PI-positive (Q2), and 
annexinV-positive and PI-negative (Q4) were considered as late 
apoptotic or necrotic, apoptotic, and early apoptotic cells, 
respectively. To determine the percentage of total apoptotic cells, 
the following formula was used: Apoptotic cells=Q1+Q2+Q4. 
 
2.15. Measurement of intracellular ROS production 
UCB-hMSCs were detached and then counted by using a 
Petroff-Hausser counting chamber. Cells (1×106) were incubated 
in PBS solution containing 10 μM of CM-H2DCFDA (Thermo 
Fisher) at 37°C and 5% CO2 for 30 min. Cells were washed with 
PBS twice, then loaded into a 96-well plate. Fluorescence intensity 
of intracellular ROS was assessed by using a luminometer (Victor3; 
Perkin-Elmer, Waltham, MA, USA) at excitation and emission 
wavelengths of 485 and 535nm, respectively. 
 
2.16. Measurement of mitochondrial ROS production 
To measure the mitochondrial ROS production and mitochondrial 
membrane potential, a MitoSOX™ (Life Technologies) staining kit 
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was used. After treatment, UCB-hMSCs were incubated in 5 μM 
of MitoSOX™ for 10min in a conventional cell incubator kept at 
37°C and with 5% CO2. Cells were washed with PBS twice and 
detached with 0.05% trypsin solution. Collected cells were washed 
and analyzed by using a flow cytometer (Beckman Coulter). Cells 
(3×103) that had similar side scatter and forward scatter levels 
were measured by using Flowing Software (developed by Perttu 
Terho, Turku, Finland). 
 
2.17. Measurement of mitochondrial volume and 
mitochondrial membrane potential 
To measure the mitochondrial volume and membrane potential, a 
Mitotracker™ (Life Technologies) staining kit and 
tetramethylrhodamine ethyl ester (TMRE; Sigma-Aldrich) were 
used, respectively. After treatment, UCB-hMSCs were incubated in 
200 nM of Mitotracker™ or 200 nM of TMRE for 15min at room 
temperature. Live UCB-hMSCs were washed with PBS solution 
twice and detached by using 0.05% trypsin solution. Subsequently, 
cells were washed with PBS twice. Fluorescence intensities of 
Mitotracker™ or TMRE were detected by using flow cytometry. 
Cells (5×103) that had similar side scatter and forward scatter 
levels were measured by using Flowing Software (developed by 
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Perttu Terho, Turku, Finland). 
 
2.18. ibidi™ insert dish migration assay 
The detailed protocol for ibidi™ insert dish migration assay is 
described in Materials & Methods section of CHAPTER I. 
 
2.19. Oris™ migration assay 
The detailed protocol for Oris™ migration assay is described in 
Materials & Methods section of CHAPTER I. 
 
2.20. Mouse skin wound healing model 
The general protocol for mouse skin wound healing model is 
described in CHAPITER I. Experimental groups are described as 
follows. BNIP3 siRNA or NT siRNA-transfected UCB-hMSCs were 
pretreated with hypoxia or PA for 24 h. Experimental mice were 
divided into six groups: mice given vehicle (group 1, n=6); mice 
given NT siRNA-transfected UCB-hMSCs (group 2, n=6); mice 
given NT siRNA-transfected UCB-hMSCs with hypoxia 
pretreatment (group 3, n=6); mice given BNIP3 siRNA transfected 
UCB-hMSCs with hypoxia pretreatment (group 4, n=6); mice given 
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BNIP3 siRNA-transfected UCB-hMSCs with hypoxia and PA 
pretreatment (group 5, n=6); and mice given BNIP3 siRNA-
transfected UCB-hMSCs (group 6, n=6).  
 
2.21. Histological examination 
Slide samples were fixed with 4% paraformaldehyde (Lugen Sci, 
Seoul, Korea) and stained with H&E for 5 min. Samples were 
washed with 95% and 100% ethanol three times and incubated in 
xylene for 5 min. All H&E stained sample images were acquired by 
using light microscopy. Histological evaluation and re-epithelization 
scoring were performed in a blind fashion. The scoring of re-
epithelization during wound healing with H&E-stained tissue 
samples was evaluated by determining the percentage of tissue 
showing the qualitative features of re-epithelization according to a 
method described previously (Rajabi et al., 2007). The re-
epithelization histological scoring was quantified according to the 
criteria provided in Table 6. 
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The detailed protocol for immunohisochemistry is described in 
Materials & Methods section of CHAPTER I. 
 
2.23. Statistical analysis 
All data shown in the results are presented as a mean ± S.E. 
Statistical differences among experimental samples were analyzed 
by using analysis of variance. Comparisons of treatment groups 
with control groups were performed by using the Bonferroni-Dunn 
test. A p-value < 0.05 was considered statistically significant. 




3.1. Effect of hypoxia on mitophagy 
To determine the effect of hypoxia on mitophagy in UCB-hMSCs, 
the cells were incubated under hypoxia for various durations (0–48 
h). First, I measured mitochondrial volume in UCB-hMSCs under 
hypoxia by using a mitochondria specific fluorescent dye, 
Mitotracker™. The fluorescence intensities of Mitotracker™ in the 
24 and 48 h hypoxia-treated UCB-hMSCs decreased to 40.2% and 
23.6%, respectively, of the control level (Fig. 29A). COX4 protein 
expression decreased in a time-dependent manner during the 24–
48 h of hypoxia (Fig.  29B). Immunofluorescence results showed 
that 24 h of hypoxia stimulated co-localization of COX4 with LC3B 
(Fig. 29C). In addition, I observed that ATP production in hypoxia-
treated cells decreased to 73.2% of the control level (Fig. 29D). I 
checked the mRNA expressions of mitophagy regulator genes, such 
as PINK1, BNIP3, NIX and FUNDC1, to determine the effect of 
hypoxia on expression of mitophagy regulators in UCB-hMSCs. As 
shown in the figure 1D, PINK1, BNIP3, and NIX mRNA expressions 
in UCB-hMSC significantly increased, whereas FUNDC1 mRNA 
expression was reduced by hypoxia. PCR and western blotting 
results showed that, among the tested genes, BNIP3 expression 
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was increased to the greatest extent by hypoxia (Figs. 30A and 
30B).  
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Figure 29. Effects of hypoxia on mitophagy in UCB-hMSCs. (A) 
UCB-hMSCs were incubated with various times of hypoxia (0-48 
h). Cells were stained with Mitotracker™. n=6 (magnification, 
×1200). Scale bars, 50 μm. (B) The expressions of COX4 and 
β-actin were detected by western blot. n=4. (C) UCB-hMSCs 
were exposed to 24 h of normoxia or hypoxia. Cells were immuno-
stained with COX4 and LC3B-specific antibodies (magnification, 
×600). Scale bars, 37.5μm. Cellular ATP level is measured. n=5. 
Quantitative data are presented as a mean ± S.E. * indicates p < 
0.05 vs. control, # indicates p < 0.05 vs. hypoxia.   




Figure 30. Effects of hypoxia on mitophagy regulators in UCB-
hMSCs. (A) The mRNA expressions of PINK1, BNIP3, NIX and 
FUNDC1 were analyzed by quantitative real-time PCR (qPCR). 
n=5. (B) The protein expressions of PINK1, BNIP3, NIX and β-
actin were assessed by western blot. n=4. Quantitative data are 
presented as a mean ± S.E. Western blot data were normalized by 
β-actin, and qPCR data were normalized by β-actin mRNA 
expression level. All images are representative. * indicates p < 0.05 
vs. control, # indicates p < 0.05 vs. hypoxia.  
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3.2. Role of BNIP3 in hypoxia-induced mitophagy 
I transfected PINK1, BNIP3, NIX, and NT siRNAs, and assessed 
COX4 expression in UCB-hMSCs to confirm the effect of 
mitophagy regulators induced by hypoxia on mitophagy in UCB-
hMSCs under hypoxia. The western blot and immunofluorescence 
staining results showed the decrease in COX4 expression by 
hypoxia was significantly recovered by BNIP3 siRNA transfection 
(Figs. 31A and 31B). The fluorescent intensity of Mitotracker™ in 
the BNIP3 siRNA-transfected UCB-hMSCs under hypoxia was 
higher than that in NT siRNA-transfected UCB-hMSCs under 
hypoxia (Fig. 31C). In addition, hypoxia increased BNIP3 
expression in the mitochondrial fraction and co-localization of 
BNIP3 with LC3B (Figs. 32A and 32B). Collectively, my results 
suggest that BNIP3 upregulation by hypoxia mainly induces 
mitophagy via LC3B in UCB-hMSCs. 
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Figure 31. Role of BNIP3 in hypoxia-induced mitophagy of UCB-
hMSCs. (A, B) PINK1, BNIP3, NIX or non-targeting (NT) siRNAs 
were transfected to UCB-hMSCs prior to hypoxia. COX4 and β-
actin expressions were assessed by western blot. n=4 (A). Cells 
were immunostained with COX4 and PI. n=3 (magnification, ×400). 
All scale bars, 50 μm. COX4 fluorescence intensity was analyzed 
by luminometer. n=5 (B). (C) BNIP3 siRNA was transfected to 
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UCB-hMSCs prior to hypoxia treatment for 24 h. Cells were 
stained with Mitotracker™. n=6 (magnification, ×1200). Scale bars, 
50 μm. Data are presented as a mean ± S.E. * indicates p < 0.05 
vs. control, # indicates p < 0.05 vs. hypoxia.  
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Figure 32. Effect of hypoxia on BNIP3-mediated mitophagy. (A) 
BNIP3, β-tubulin and COX4 with cytosol and mitochondrial 
fractionized sample were detected by western blot. BNIP3 was 
normalized by COX4 expression. n=3. (B) Cells were incubated 
with hypoxia or normoxia for 24 h. Cells were immune-stained with 
BNIP3 and LC3B specific antibodies. (magnification, ×600). Scale 
bars, 37.5μm. Quantitative data are presented as a mean ± S.E. 
All blot and confocal images are representative. * indicates p < 0.05 
vs. control. 
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3.3 Role of BNIP3 in the regulation of ROS 
accumulation in UCB-hMSCs under hypoxia 
Furthermore, I investigated the role of mitophagy regulators 
induced by hypoxia in ROS production and functions determining 
therapeutic efficiency of UCB-hMSC transplantation, such as 
apoptosis, and migration. As shown in figure 33A, the intracellular 
ROS levels in hypoxia-treated UCB-hMSCs, measured by using a 
general oxidative stress indicator, 2', 7'-dichlorodihydrofluorescein 
diacetate (CM-H2DCF-DA), increased to 225.5% of the control 
level, and that of BNIP3 siRNA-transfected UCB-hMSCs under 
hypoxia increased further to 380.5% of the control level. Moreover, 
I performed flow cytometry analysis with MitoSOX™, a 
mitochondrial ROS-sensitive dye, to determine the role of BNIP3 in 
mitochondrial ROS production. The number of MitoSOX™-positive 
cells in BNIP3 siRNA-transfected UCB-hMSCs under hypoxia was 
higher than that in hypoxia-pretreated UCB-hMSCs (Fig. 33B). I 
also assessed the effect of mitophagy regulated by BNIP3 under 
hypoxia on the uptake of the mitochondrial membrane potential-
sensitive fluorescent dye, TMRE. The flow cytometry results with 
Mitotracker™ and TMRE showed that the decrease in 
Mitotracker™-positive cells and the increase in TMRE-positive 
cells by hypoxia were reversed by silencing of BNIP3 expression 
(Figs. 34A and 34B). A chemical inhibitor of oxidative 
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phosphorylation, carbonyl cyanide m-chlorophenyl hydrazine 
(CCCP) was used as a negative control for mitochondrial membrane 
potential collapse. 
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Figure 33. Role of hypoxia-induced BNIP3 in the mitochondrial 
ROS accumulation. (A) PINK1, BNIP3, NIX or NT siRNAs were 
transfected to UCB-hMSCs prior to hypoxia treatment for 48 h. 
Intracellular ROS level was measured by using CM-H2DCF-DA 
staining. n=6. (B) BNIP3 and NT siRNAs were transfected to 
UCB-hMSCs prior to hypoxia treatment for 48 h. MitoSOX™ 
(were analyzed by flowcytometer. n=4. Data are presented as a 
mean ± S.E. * indicates p < 0.05 vs. control or normoxia, # 
indicates p < 0.05 vs. hypoxia.  
  
- 130 - 
 
 
Figure 34. Role of hypoxia-induced BNIP3 in the mitophagy and 
mitochondrial membrane potential. (A) PINK1, BNIP3, NIX or NT 
siRNAs were transfected to UCB-hMSCs prior to hypoxia 
treatment for 48 h. or Mitotracker™ (A) or TMRE-positive cells 
(B) were analyzed by flowcytometer. n=4. Cells were pretreated 
CCCP (50 uM) for 2 h (B). Data are presented as a mean ± S.E. 
* indicates p < 0.05 vs. control or normoxia, # indicates p < 0.05 
vs. hypoxia.  
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3.4 Role of BNIP3 in the apoptosis and migrationn in 
UCB-hMSCs under hypoxia 
In addition, I investigated the effect of mitophagy regulators 
induced by hypoxia on apoptosis and migration in UCB-hMSCs. The 
cell viability results, measured by trypan blue exclusion assay, 
showed the viability of UCB-hMSCs at 72 h of hypoxia was lower 
than that of UCB-hMSCs at 72 h of normoxia, and the viabilities of 
BNIP3 siRNA-transfected UCB-hMSCs at 48 and 72 h of hypoxia 
were significantly lower than those of UCB-hMSCs at 48 and 72 h 
of hypoxia (Fig. 35A). And, I performed AnnexinV and PI double 
staining flow cytometry analysis with 48 h of normoxia or hypoxia-
treated UCB-hMSCs. I showed the number of annexinV-positive 
apoptotic cells of BNIP3-silenced UCB-hMSCs under hypoxia to 
be higher than that of UCB-hMSCs under hypoxia (Fig. 35B). To 
determine the effect of mitophagy regulators induced by hypoxia on 
UCB-hMSC migration regulated by hypoxia pretreatment, I 
performed ibidi™ insert dish and Oris™ migration assays. As 
shown in figures 36A and 36B, hypoxia pretreatment increased 
UCB-hMSC migration that had been abolished by BNIP3 siRNA 
transfection. These findings suggest that mitophagy induced by 
BNIP3 is critical for reducing the mitochondrial ROS (mtROS) 
production, mitochondrial membrane potential, and enhancing anti-
apoptosis and migration in UCB-hMSC under hypoxia.
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Figure 35. Role of BNIP3 in the apoptosis of UCB-hMSCs under 
hypoxia. (A) UCB-hMSCs transfected with PINK1, BNIP3, NIX or 
NT siRNAs were exposed to various durations of hypoxia (0-72 h). 
Cell viability was measured by trypan blue exclusion assay. n=5. (B) 
PINK1, BNIP3, NIX or NT siRNAs were transfected to UCB-
hMSCs prior to hypoxia treatment for 48 h. Apoptotic cells were 
detected by annexinV/PI analysis. n=4. * indicates p < 0.05 vs. 
control, # indicates p < 0.05 vs. hypoxia.  
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Figure 36. Role of BNIP3 in the migration of UCB-hMSCs with 
hypoxia pretreatment. (A) UCB-hMSCs were cultured in ibidi™ 
insert dish, and siRNAs were transfected to cells prior to hypoxia 
pretreatment for 24 h. Migrated cells under normoxia for 24 h were 
visualized by immunostaining with phalloidin and PI. n=4 
(magnification ×100). All scale bars, 200 μm. (B) UCB-hMSC 
migration was measured by Oris™ migration assay. n=8. Data are 
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presented as a mean ± S.E. * indicates p < 0.05 vs. normoxia 
pretreatment, # indicates p < 0.05 vs. hypoxia pretreatment.  
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3.5. Involvement of HIF-1α, FOXO3 in BNIP3 
expression 
HIF-1α and FOXO3 have been well recognized as major 
transcription factors controlling UCB-hMSC physiology under 
hypoxia (Liu et al., 2011; Zhang et al., 2013). Although previous 
investigations have reported that HIF-1α or FOXO3 are involved 
in BNIP3 expression under hypoxia (Choi et al., 2016; Feng et al., 
2016), their roles in BNIP3 expression seem to vary with cell type 
(Bakker et al., 2007; Chourasia et al., 2015; Mammucari et al., 
2007). To demonstrate the detailed mechanism regulating BNIP3 
expression in UCB-hMSCs under hypoxia, I investigated the roles 
of HIF-1α and FOXO3 in BNIP3 regulation. Then, I confirmed that 
hypoxia stimulated HIF-1α expression in a time-dependent 
manner (Fig. 37A). To investigate the role of hypoxia-induced ROS 
in expressions and activations of HIF-1α and FOXO3, I pretreated 
a general ROS scavenger, N-acetyl cysteine (NAC) to block the 
ROS production in UCB-hMSCs under hypoxia. Western blot with 
nuclear fraction and immunofluorescence results showed ROS 
produced by hypoxia increased HIF-1α localization in the nucleus 
(Fig. 37B and 37C). As shown in figures 38A and 38B, mRNA and 
protein expressions of BNIP3 were increased by hypoxia but 
abolished by HIF-1A siRNA transfection. In addition, I further 
determined the role of FOXO3 in BNIP3 expression in UCB-hMSCs 
under hypoxia. Western blot with nuclear fraction results showed 
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ROS production under hypoxia stimulated FOXO3 localization in the 
nucleus (Fig. 39A). In addition, enhanced BNIP3 expression by 
hypoxia was partially abolished by silencing of FOXO3 expression 
(Figs. 39B and 39C). These results suggest that HIF-1α and 
FOXO3 induced by ROS production are major factors regulating 
BNIP3 expression under hypoxia.  
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Figure 37. Effect of hypoxia on HIF-1α expression and nuclear 
translocation. (A) UCB-hMSCs were incubated with various 
durations of hypoxia (0–48 h). The protein expressions of HIF-
1α and β-actin were detected by western blot. n=4. (B) UCB-
hMSCs were pretreated with NAC (5 mM) for 30 min prior to 
hypoxia incubation for 24 h. The protein expressions of HIF-1α, 
lamin A/C and β-tubulin in non-nuclear and nuclear fractionized 
cell samples were assessed by using western blot. n=3. (C) 
UCB-hMSCs were immune-stained with HIF-1α and PI 
(magnification×600). Scale bars, 37.5μm. 





Figure 38. Role of HIF-1α in hypoxia-induced BNIP3 
expression.  (A) HIF1A or NT siRNAs were transfected to cells 
prior to hypoxia treatment for 24 h. The mRNA expression of 
BNIP3 was analyzed by qPCR. n=6. (B) The protein expressions 
of BNIP3 and HIF-1α were detected by western blot. n=4. . 
Quantitative data are presented as a mean ± S.E. All blot and 
confocal images are representative. * indicates p < 0.05 vs. 
control, # indicates p < 0.05 vs. hypoxia.  
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Figure 39. Role of FOXO3 in hypoxia-induced BNIP3 expression. 
(A) NAC (5 mM) pretreated to UCB-hMSCs prior to hypoxia 
treatment for 24 h. FOXO3, lamin A/C and β-tubulin proteins 
expressions were assessed by western blot. n=3. (B) FOXO3 
siRNA transfected to UCB-hMSCs prior to hypoxia treatment for 
24 h. The FOXO3 mRNA expression was measured by qPCR. qPCR 
data were normalized by β-actin mRNA expression level. n=6. (C) 
BNIP3, FOXO3 and β-actin expressions were detected by western 
blot. n=3. Data are presented as a mean ± S.E. * indicates p < 0.05 
vs. control, # indicates p < 0.05 vs. hypoxia.  
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3.6. Involvement of CBP in the bindings of HIF-1α 
and FOXO3 to the BNIP3 promoter 
Subsequently, I observed that hypoxia stimulates the interaction 
of CREB-binding protein (CBP) with HIF-1α and FOXO3 (Fig. 
40A). To determine the role of CBP in BNIP3 expression under 
hypoxia, I pretreated C646, a CBP/p300 inhibitor, to UCB-hMSCs 
prior to hypoxia treatment. As shown in figures 40B and 40C, 
mRNA and protein expressions of BNIP3 increased by hypoxia 
were reversed by C646 pretreatment. Moreover, I investigated the 
role of CBP in the interaction of HIF-1α and FOXO3 with the 
BNIP3 promoter. CHIP assay results showed CBP inactivation by 
C646 pretreatment interrupted the binding of HIF-1α and FOXO3 
to their consensus sequences in the BNIP3 promoter (Figs. 41A and 
41B). Overall, my results indicate that the interaction of CBP with 
HIF-1α and FOXO3 stimulated by hypoxia has a critical role in the 
binding of HIF-1α and FOXO3 to the BNIP3 gene promoter, 
leading to transcriptional regulation of BNIP3 expression in UCB-
hMSCs. 
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Figure 40. Involvement of CBP in BNIP3 expression regulated by 
HIF-1α and FOXO3 under hypoxia. (A) UCB-hMSCs were 
incubated with hypoxia for 24 h. Co-immunoprecipitation of HIF-
1α and FOXO3 with IgG and CBP were shown. n=3. (B) CBP (20 
μM) was pretreated to UCB-hMSCs, and cells were incubated with 
hypoxia for 24 h. The BNIP3 mRNA expression level was analyzed 
by qPCR. n=6. (C) BNIP3 and β-actin protein expressions were 
analyzed by western blot. Data are represented as a mean ± S.E. 
n=4. * indicates p < 0.05 vs. control, # indicates p < 0.05 vs. 
hypoxia. 
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Figure 41. Role of CBP in the bindings of HIF-1α and FOXO3 to 
BNIP3 gene promoter. (A, B) Sample DNA was immune-
precipitated with RNA polymerase, IgG, HIF-1α and FOXO3 
specific antibodies. CHIP (top panel) and lysate (bottom panel) 
samples were amplified with the primers of GAPDH and BNIP3 
promoters. Quantitative CHIP data was analyzed by qPCR, and 
shown in the right panel. n=4. Western blot data were normalized 
by β-actin, and qPCR data were normalized by β-actin mRNA 
expression level. Quantitative data are presented as a mean ± S.E. 
* indicates p < 0.05 vs. control, # indicates p < 0.05 vs. hypoxia.  
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3.6. Effect of BNIP3-induced FASN on hypoxia-
induced survival and migration in UCB-hMSCs 
To confirm the role of BNIP3 expression induced by hypoxia in 
lipid metabolism, I examined mRNA expressions of lipid metabolic 
enzymes including FASN, SCD1, SCD5, GPAT1, GPAT3, GPAT4, 
MAGL, diglyceride acyltransferase 1 (DGAT1), and CPT1A in 
UCB-hMSCs under hypoxia. As shown in figure 42A, I observed an 
increase in FFA-producing enzymes including FASN and SCD1. 
Particularly, mRNA expression of FASN in UCB-hMSCs under 
hypoxia increased to 225.3% of the control level. I further 
confirmed that hypoxia stimulated production of cellular FFA in 
UCB-hMSCs after 24 and 48 h (Fig. 42B). In addition, upregulated 
cellular FFA production and mRNA expressions of FASN and SCD1 
by hypoxia were reversed by silencing BNIP3 expression (Figs. 
42C and 42D). In addition, AnnexinV and PI double staining flow 
cytometry results showed that FASN inhibition by cerulenin (a 
FASN inhibitor) but not by CAY10566 (a SCD1 inhibitor) increased 
apoptosis of UCB-hMSC exposed to hypoxia (Fig. 43). There was 
no significant difference between groups treated with normoxia or 
hypoxia. The results of ibidi™ insert dish and Oris™ migration 
assays showed that hypoxia pretreatment stimulated UCB-hMSC 
migration, abolished by pretreatment of cerulenin, but not by 
CAY10566 (Figs. 44A and 44B). These results suggest that 
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FASN-dependent FFA production is important for the regulation of 
apoptosis and migration in UCB-hMSCs under hypoxia.  
  
- 145 - 
 
 
Figure 42. Role of BNIP3 on hypoxia-induced production of FFA 
and expressions of FASN and SCD1 in UCB-hMSCs. (A) UCB-
hMSCs were incubated with hypoxia for 24 h. The mRNA 
expressions of FASN, SCD1, SCD5, GPAT1, GPAT3, GPAT4, 
MAGL, DGAT1, CPT1A were analyzed by qPCR. n=5. (B) UCB-
hMSCs were treated with hypoxia (0 – 48 h). FFA level was 
measured with FFA detection kit. n=6. (C) Cells were transfected 
with PINK1, BNIP3, NIX or NT siRNAs, treated with hypoxia for 24 
h. n=6. (D) The FASN and SCD1 mRNAs expressions level were 
assessed by qPCR. n=6. Data are presented as a mean ± S.E. * 
indicates p < 0.05 vs. control, # indicates p < 0.05 vs. hypoxia. 
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Figure 43. Role of hypoxia-induced FASN and SCD1 in UCB-
hMSC survival. Cells were pretreated with cerulenin (10 μM) or 
CAY10566 (100 μM) for 30 min prior to hypoxia for 48 h. 
Apoptotic cells were detected by annexinV/PI analysis. Data are 
presented as a mean ± S.E. n=4. * indicates p < 0.05 vs. control, # 
indicates p < 0.05 vs. hypoxia. 
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Figure 44. Role of hypoxia-induced FASN and SCD1 in UCB-
hMSC migration. (A) Cells were plated in ibidi™ insert dish, and 
cerelenin (10 μM) or CAY10566 (100 μM) were pretreated to 
cells for 30 min prior to hypoxia pretreatment for 24 h. Migrated 
cells under normoxia for 24 h were immunostained with phalloidin 
and PI. n=4 (magnification×100). Scale bars, 200 μm. (B) Cell 
migration was measured by Oris™ migration assay. n=8. Data are 
presented as a mean ± S.E. * indicates p < 0.05 vs. normoxia 
pretreatment, # indicates p < 0.05 vs. hypoxia pretreatment.  
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3.7. Regulatory role of BNIP3-mediated ER stress 
in hypoxia-activated SREBP1 
A SREBP1 has been reported as a major transcription factor 
regulating FASN expression in hypoxia (Lu et al., 2016). To 
confirm the role of SREBP1 in hypoxia-induced FASN, I pretreated 
fatostatin, a SREBP1 inhibitor. As shown in the figure 45, 
upregulation of FASN mRNA expression by hypoxia was abolished 
by pretreatment of fatostatin. Next, I checked the effect of BNIP3 
silencing on expression of mature SREBP1 (68 kDa) in UCB-
hMSCs under hypoxia to identify the mechanism involved in how 
BNIP3 induced by hypoxia regulates FASN expression. 
Interestingly, my data showed that mRNA expression of SREBF1 
increased by hypoxia was not affected by BNIP3 siRNA transfection 
(Fig. 46A). However, the protein expressions of mature SREBP1 
and FASN were inhibited by BNIP3 siRNA transfection (Fig. 46B). 
In addition, silencing of BNIP3 expression also inhibited 
translocation of mature SREBP1 into the nucleus (Fig. 47A). There 
were no significant differences in HIF-1α expressions between 
groups treated with hypoxia or BNIP3 siRNA (Fig. 47B). These 
results suggest BNIP3 silencing-regulated SREBP1 expression is 
transcription independent. I hypothesized excessive ROS production 
by BNIP3 silencing may be a regulator which leads to suppression 
of SREBP1/FASN pathway. To determine the effect of excessive 
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ROS production by BNIP silencing on ER stress, such as eukaryotic 
initiation factor 2 α (eIF-2α) and CCAAT-enhancer binding 
protein homologous protein (CHOP), expressions of mature 
SREBP1 and FASN, therefore, I pretreated low dose of NAC to 
BNIP3-silenced UCB-hMSCs prior to hypoxia treatment; the 
results confirmed that excessive ROS production induced by BNIP3 
siRNA transfection was decreased by low dose NAC pretreatment 
(Fig. 48A). As shown in the figure 48B, downregulated protein 
expressions of mature SREBP1 and FASN were recovered by NAC 
pretreatment. In addition, BNIP3 silencing further increased CHOP 
expression and eIF-2α phosphorylation, and decreased mTOR, 
S6K1, and S6 phosphorylations in UCB-hMSC under hypoxia (Figs. 
49A and 49B). Low dose NAC pretreatment abolished augmentation 
of CHOP expression and eIF2α phosphorylation by BNIP3 silencing 
(Fig. 50A). I pretreated a ER stress inhibitor 4-phenylbutyrate 
(PBA) to BNIP3 siRNA-transfected UCB-hMSCs under hypoxia to 
confirm the effect of endoplasmic reticulum (ER) stress 
augmentation on mature SREBP1 and FASN expression. And, I 
observed that suppressed expressions of mature SREBP1 and 
FASN were recovered by PBA pretreatment (Fig. 50B). Taken 
together, I suggest that the reduction of ROS by BNIP3 in hypoxia 
induces SREBP1 maturation and FASN expression through the 
suppression of ER stress and activation of mTOR/S6K1/S6 pathway. 




Figure 45. Role of SREBP1 in hypoxia-induced FASN expression. 
(A) UCB-hMSCs were pretreated with fatostatin (10 μM) for 30 
min prior to hypoxia treatment for 24 h. The mRNA expression of 
FASN was analyzed by qPCR. n=6.  
  




Figure 46. Effect of BNIP3 knock down on SREBP1 and FASN 
expressions in UCB-hMSCs under hypoxia. (A) UCB-hMSCs were 
transfected with BNIP3 or NT siRNAs, incubated with hypoxia for 
24 h. The mRNA expression of SREBF1 was measured by qPCR. 
n=6. (B) The protein expressions of mature SREBP1, FASN, BNIP3 
and β-actin were detected by western blot. n=4. Data are 
presented as a mean ± S.E n=3. * indicates p < 0.05 vs. control, # 
indicates p < 0.05 vs. hypoxia. 
  




Figure 47. Effect of BNIP3 knock down on mature SREBP1 nuclear 
translocation and HIF-1α expressions in UCB-hMSCs under 
hypoxia. (A) Mature SREBP1, lamin A/C and β-tubulin 
expressions in non-nuclear and nuclear fractionized samples were 
detected by western blot. n=3. (B) HIF-1α and β-actin 
expressions were analyzed by western blot. n=4. Data are 
presented as a mean ± S.E n=3. * indicates p < 0.05 vs. control, # 
indicates p < 0.05 vs. hypoxia.  




Figure 48. Effect of BNIP3 silencing on SREBP1 maturation, FASN 
expression. (A) UCB-hMSCs were transfected with BNIP3 or NT 
siRNAs, and pretreated with NAC (500 uM) prior to hypoxia 
treatment for 48 h. ROS production level was measured. n=8. (B) 
BNIP3 or NT siRNAs-transfected UCB-hMSCs were pretreated 
with NAC (500 uM) prior to hypoxia for 48 h. Mature SREBP1, 
FASN, BNIP3, and β-actin expressions were detected by western 
blot. n=3. Data are presented as a mean ± S.E. * indicates p < 0.05 
vs. control, # indicates p < 0.05 vs. hypoxia, @ indicates p < 0.05 
vs. BNIP3 siRNA-transfected UCB-hMSCs with hypoxia. 
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Figure 49. Effect of BNIP3 silencing on ER stress markers and 
mTOR signaling. (A, B) UCB-hMSCs were transfected with BNIP3 
or NT siRNAs, incubated with hypoxia for 48 h. CHOP, p-eIF2α, 
eIF2α, p-mTOR, mTOR, p-S6K1 (Thr389), S6K1, p-S6 and β-
actin expressions were shown. n=4. Data are presented as a mean 
± S.E. * indicates p < 0.05 vs. control, # indicates p < 0.05 vs. 
hypoxia, @ indicates p < 0.05 vs. BNIP3 siRNA-transfected UCB-
hMSCs with hypoxia. 
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Figure 50. Regulatory role of ER stress induction by BNIP3 knock 
down in SREBP1 and FASN expressions. (A, B) BNIP3 or NT 
siRNAs-transfected UCB-hMSCs were pretreated with NAC (500 
μM) or PBA (100 μM) for 1 h prior to hypoxia treatment for 48 h. 
(A) The expressions of CHOP, p-eIF2α, eIF2α and β-actin 
were detected by western blot. n=4. (B) Mature SREBP1, FASN 
and β-actin expressions were shown. Data are presented as a 
mean ± S.E. * indicates p < 0.05 vs. control, # indicates p < 0.05 
vs. hypoxia, @ indicates p < 0.05 vs. BNIP3 siRNA-transfected 
UCB-hMSCs with hypoxia.  
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3.8. Role of BNIP3-induced PA production on 
survival and migration of UCB-MSCs under hypoxia 
My previous study reported that PA produced by FASN is a major 
FFA regulating hypoxia-induced UCB-hMSC functions (Lee et al., 
2015). Therefore, I investigated the effect of palmitic acid (PA), a 
FASN major lipid metabolite, on apoptosis and migration to confirm 
the role of BNIP3-induced FASN in UCB-hMSC function under 
hypoxia. As shown in figure 51A, protein expressions of cleaved 
caspase-3 and cleaved caspase-9 in UCB-hMSCs under hypoxia 
were increased by BNIP3 siRNA transfection but decreased by PA 
pretreatment. Trypan blue exclusion cell viability assay and 
annexinV/PI double staining flow cytometry results showed that the 
decrease in cell viability and increase in the number of apoptotic 
cells by BNIP3-silenced UCB-hMSCs under hypoxia were 
reversed by PA pretreatment (Figs. 51B and 51C). Moreover, I 
found that BNIP3 silencing did not increase the number of apoptotic 
of UCB-hMSCs under normoxia (Fig. 51C). Next, I also 
investigated the effect of BNIP3 silencing and PA on F-actin 
polymerization regulatory protein. As shown in figure 52A, 
phosphorylation of cofilin-1 at Ser3 residue was upregulated by 
hypoxia pretreatment, but abolished by BNIP3 siRNA transfection. 
PA pretreatment recovered the inhibitory effects of BNIP3 silencing 
in terms of cofilin-1 phosphorylation and F-actin expression in 
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UCB-hMSCs (Fig. 52A). Consistent with those results, the ibidi™ 
insert dish and Oris™ migration assay results showed that 
downregulated migration of BNIP3-silenced UCB-hMSCs by 
hypoxia pretreatment was partially recovered by PA pretreatment 
(Figs. 52B and 52C). My results indicate that exogenous PA 
rescues reduction of survival and migration by BNIP3 silencing in 
UCB-hMSCs under hypoxia. 
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Figure 51. Anti-apoptotic effect of PA on BNIP3-silenced UCB-
hMSCs. (A) The PA (20 μM) pretreated to UCB-hMSC 
transfected with BNIP3 or NT siRNAs, and then cells were 
incubated with hypoxia for 48 h. The expressions of cleaved 
caspase-9, cleaved caspase-3, BNIP3 and β-actin were analyzed 
by western blot. n=4. (B) Cell viability was measured by trypan 
blue exclusion assay. n=6. (C) Apoptosis was assessed by 
AnnexinV/PI staining. n=4. Data are presented as a mean ± S.E. * 
indicates p < 0.05 vs. control, # indicates p < 0.05 vs. hypoxia, @ 
indicates p < 0.05 vs. BNIP3 siRNA-transfectecd UCB-hMSC with 
hypoxia.
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Figure 52. Effect of PA on BNIP3-silenced UCB-hMSC migration 
under hypoxia. (A) Cells transfected with BNIP3 or NT siRNAs 
were pretreated with PA (20 μM) prior to hypoxia for 24 h. And, 
then cells were incubated with normoxia for 24 h. The expressions 
of p-cofilin1, cofilin1, BNIP3 and β-actin were detected by 
western blot. n=4. (B) Migrated UCB-hMSCs were immunostained 
with phalloidin and PI. n=4 (magnification×100). Scale bars, 200 
μm. (C) Cell migration was assessed by using luminometer with 
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Oris™ migration assay. n=8. Data are presented as a mean ± S.E. 
* indicates p < 0.05 vs. normoxia pretreatment, # indicates p < 0.05 
vs. hypoxia pretreatment, @ indicates p < 0.05 vs. BNIP3 siRNA-
transfectecd UCB-hMSC with hypoxia pretreatment. 
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3.9. Role of BNIP3 on therapeutic potential of UCB-
MSCs under hypoxia 
Furthermore, I confirmed the effect of BNIP3 expression 
regulated by hypoxia pretreatment and PA on mouse skin wound 
healing with UCB-hMSC transplantation. Eight days after skin 
wound surgery, the wound area of mice was reduced to a 
significantly great extent in UCB-hMSCs with hypoxia. In addition, 
the wound area of mice given BNIP3 siRNA-silenced UCB-hMSCs 
with hypoxia pretreatment was larger than that of mice given UCB-
hMSCs with hypoxia or BNIP3 siRNA-transfected UCB-hMSCs 
with pretreatments of hypoxia and PA (Fig. 53A). Meanwhile, my 
results showed that there was no statistical significance of the 
difference between wound area of mice given UCB-hMSCs and that 
of mice given BNIP3 siRNA-transfected UCB-hMSCs. A 
histological evaluation at 12 days after skin wound surgery showed 
the wound bed to be completely covered by transplantations of 
UCB-hMSCs with hypoxia pretreatment and of BNIP3 siRNA-
transfected UCB-hMSCs with pretreatments of hypoxia and PA 
(Fig. 53B). In addition, the transplantation of UCB-hMSCs with 
hypoxia pretreatment showed re-epithelization as well as wound 
closure at the wound site. The re-epithelization histological scoring 
results showed that the re-epithelization score of transplantation of 
hypoxia-pretreated UCB-hMSCs is the highest among all 
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experimental groups. Re-epithelization score of the mice given 
BNIP3 siRNA-transfected UCB-hMSCs with hypoxia and PA was 
higher than that of mice given BNIP3 siRNA-transfected UCB-
hMSCs with hypoxia pretreatment. There was no statistical 
significance between groups treated with vehicle or UCB-hMSCs 
alone. I further investigated the effect of BNIP3 regulation by 
pretreatment of either hypoxia or PA on angiogenesis capacity and 
survival of transplanted UCB-hMSCs. My results showed that 
transplantation of UCB-hMSCs with hypoxia pretreatment 
increased blood vessel formation and the amount of pan-endothelial 
marker CD31, myofibroblast marker α–smooth muscle actin (α-
SMA)-positive and human nuclear antigen (HNA)-positive cells at 
the wound site compared to transplantation of UCB-hMSCs alone. 
In addition, angiogenesis capacity and survival rate of BNIP3 
siRNA-transfected UCB-hMSCs with hypoxia pretreatment was 
lower than those of UCB-hMSCs with hypoxia pretreatment and 
BNIP3 siRNA-transfected UCB-hMSCs with hypoxia and PA (Figs. 
54A-56). Overall, these findings indicate that decreased wound 
healing capacity of hypoxia-pretreated UCB-hMSCs by BNIP3 
silencing is recovered by PA pretreatment. 
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Figure 53. Role of PA in mouse skin wound healing by BNIP3-
silenced UCB-hMSCs. (A) Representative gross wound images 
were acquired at post injection days 0, 4, 8, 12. Skin wound sizes at 
day 8 was compared with wound size at day 0. n=5. (B) Tissue 
slide samples were stained with hematoxylin and eosin. Low and 
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high magnified Histological gross images are shown in the left and 
right panels, respectively. Scale bars, 260 μm (magnification ×40) 
and 100 μm (magnification ×100). n=5. Data are presented as a 
mean ± S.E. $ indicates p < 0.05 vs. vehicle group, * indicates p < 
0.05 vs. UCB-hMSC group given NT siRNA, # indicates p < 0.05 
vs. UCB-hMSC group given NT siRNA with hypoxia pretreatment, 
@ indicates p < 0.05 vs. UCB-hMSC group given BNIP3 siRNA with 
hypoxia pretreatment. 
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Figure 54. Effect of BNIP3-silenced UCB-hMSCs transplantation 
and PA on blood vessel formation and CD31 expression in mouse 
skin wound healing model. (A) Representative images of blood 
vessels in skin wounds on day 12. Vessel density was analyzed by 
using ImageJ program (bottom panel). n=5. (B) Histological tissue 
samples were immune-stained with CD31-specific antibodie and PI 
for counterstaining. The number of CD31-positive cells in high 
- 166 - 
 
power field (HPF) was analyzed by using Metamorph software. 
Scale bars, 100 μm (magnification ×100). n=5. Data are 
presented as a mean ± S.E. $ indicates p < 0.05 vs. vehicle group, 
* indicates p < 0.05 vs. UCB-hMSC group given NT siRNA, # 
indicates p < 0.05 vs. UCB-hMSC group given NT siRNA with 
hypoxia pretreatment, @ indicates p < 0.05 vs. UCB-hMSC group 
given BNIP3 siRNA with hypoxia pretreatment.  
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Figure 55. Effect of BNIP3-silenced UCB-hMSCs transplantation 
and PA on α-SMA expressions in mouse skin wound healing model.  
(A) Histological tissue samples were immune-stained with α-
SMA specific antibodies and PI for counterstaining. The number of 
α-SMA-positive cells in HPF was analyzed by using Metamorph 
software. Scale bars, 100 μm (magnification ×100). n=5. Data are 
presented as a mean ± S.E.M. $ indicates p < 0.05 vs. vehicle 
group, * indicates p < 0.05 vs. UCB-hMSC group given NT siRNA, 
# indicates p < 0.05 vs. UCB-hMSC group given NT siRNA with 
hypoxia pretreatment, @ indicates p < 0.05 vs. UCB-hMSC group 
given BNIP3 siRNA with hypoxia pretreatment. 
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Figure 56. Effect of BNIP3-silenced UCB-hMSCs transplantation 
and PA on HNA expressions in mouse skin wound healing model.  
(A, B) Histological tissue samples were immune-stained with 
HNA-specific antibodies and PI for counterstaining. HNA-positive 
cells in total cells were analyzed by using Metamorph software. 
Scale bars, 100 μm (magnification ×100). n=5. Data are 
presented as a mean ± S.E.M. $ indicates p < 0.05 vs. vehicle 
group, * indicates p < 0.05 vs. UCB-hMSC group given NT siRNA, 
# indicates p < 0.05 vs. UCB-hMSC group given NT siRNA with 
hypoxia pretreatment, @ indicates p < 0.05 vs. UCB-hMSC group 
given BNIP3 siRNA with hypoxia pretreatment.  




The present study highlights the mechanism controlling 
mitophagy in hypoxia and the relevance of mitophagy in the 
regulation of lipid metabolism and therapeutic functions, such as 
apoptosis, migration, and wound repair of UCB-hMSCs under 
hypoxia (Fig 57). Although PINK1 and NIX were increased by 
hypoxia, my results suggest that BNIP3 is a major mitophagy 
regulator stimulated by hypoxia in UCB-hMSCs, and it has a critical 
role in regulation of UCB-hMSC functions. There are several 
previous reports showing mitophagy induced by hypoxia via PINK1, 
NIX, BNIP3, and FUNDC1, but which factor is important for 
hypoxia-induced mitophagy appeared to be cell type-specific 
(Bellot et al., 2009; Liu et al., 2012b). Interestingly, my results 
showed hypoxia suppressed FUNDC1 expression. Although several 
investigators reported that FUNDC1 is associated with hypoxia-
induced mitophagy, the effect of hypoxia on FUNDC1 expression is 
controversial, and the exact mechanism by which hypoxia regulates 
FUNDC1 expression has not been fully described (Chen et al., 2017; 
Liu et al., 2012b; Liu et al., 2014b). BNIP3 has been known as a 
non-selective mitophagy regulator removing healthy and unhealthy 
mitochondria mediated by interaction of the LC3 interacting region 
motif with LC3 (Zhu et al., 2013). Consistent with previous results, 
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my current results showed an increase in co-localization of COX4- 
and BNIP3-positive regions with LC3B. I also presented results 
showing that BNIP3 controls mitochondrial quality through the 
regulation of mtROS and mitochondrial membrane potential in 
hypoxia. It has been reported that mitophagy induced by BNIP3 and 
NIX removes damaged mitochondria and protects against ROS 
accumulation (Tracy et al., 2007; Zhang et al., 2008). In addition, 
dysregulation of the redox system and ROS accumulation directly 
link to stem cell apoptosis (Ito & Suda. 2014). The role of BNIP3 in 
cell death is debated, although it is reported that BNIP3 is a BH-3 
only protein like other pro-apoptotic BCL-2 family members. Many 
researchers have reported that BNIP3 contributes to hypoxia-
induced cell death through various mechanisms (Burton & Gibson. 
2009; Qi et al., 2012). But, there is another report showing a 
protective effect of BNIP3 induction (Moriyama et al., 2017). 
Consistent with those findings, my results showed silencing of 
BNIP3 induced UCB-hMSC apoptosis. Therefore, further 
investigations using various types of stem cells are required to 
obtain more complete elucidation of the role of BNIP3 in stem cell 
functions under hypoxia. 
  




Figure 57. The schematic model for mechanism involved in the role 
of BNIP3 induced by hypoxia in UCB-hMSC therapeutic potential. 
Hypoxia stimulates BNIP3 expression through the formation of 
HIF-1α, FOXO3, CBP complex in the nucleus leading to BNIP3-
dependent mitophagy. BNIP3 silencing induces accumulation of 
mitochondrial ROS (mtROS), associated with ER stress 
augmentation. Augmented ER stress suppresses SREBP1 protein 
expression and nuclear translocation followed by inhibition of 
FASN-mediated PA production. PA rescues decreased therapeutic 
potential including migration and anti-apoptosis by BNIP3 silencing 
in UCB-hMSCs under hypoxia. 
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Present study focused on identifying the molecular mechanism 
involved in how HIF-1α and FOXO3 contribute to BNIP3 
transcription in UCB-hMSCs under hypoxia. My results showed 
both HIF-1α and FOXO3 expressions upregulated by hypoxia 
contribute to BNIP3 transcription. Notably, BNIP3 expression 
induced by hypoxia was mostly suppressed by HIF1A siRNA 
transfection, but also partially suppressed by FOXO3 siRNA 
transfection. These results suggest the possibility of HIF-1α 
acting as an upstream regulator of FOXO3 in terms of BNIP3 
regulation under hypoxia. Previous studies investigating the 
mechanism of FOXO3 regulation by hypoxia demonstrated that 
HIF-1α induced by oxidative stress stimulates FOXO3 expression 
(Bakker et al., 2007; Zhang et al., 2013). In addition, it has been 
reported that cooperation of HIF-1α with FOXO3 is required for 
high-level transcription of BNIP3 mRNA by hypoxia (Chinnadurai 
et al., 2008). I hypothesized that there may be a molecule that 
mediates their cooperative action on BNIP3 expression. In addition, 
my results demonstrated that CBP acts as a transcriptional co-
activator interacting with HIF-1α and FOXO3 in the nucleus, and 
is closely associated with the binding of HIF-1α and FOXO3 to the 
BNIP3 gene promoter region indicating an epigenetic action of CBP 
for BNIP3 mRNA transcription. CBP/p300 has recruitment sites for 
physical interaction with various transcription factors including 
HIF-1α and FOXOs (Calnan et al., 2008; Freedman et al., 2002). 
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Acetylation of histone by CBP/p300 neutralizes the positive charge 
of lysine residue, leading to an increase in the DNA accessibility of 
transcription factors (Jin et al., 2011; Legube et al., 2003). 
Moreover, CBP/p300 directly increases HIF-1α stability and 
FOXO3 activity through acetylation (Daitoku et al., 2011; Geng et 
al., 2012; van der Heide et al., 2005). Taken together, I propose 
that CBP induces transcriptional synergism between HIF-1α and 
FOXO3; an effect that is required for BNIP3 expression under 
hypoxia. 
My present study highlights a critical role for the BNIP3 as a lipid 
metabolism regulator in UCB-hMSCs under hypoxia. Based on my 
results, hypoxia-induced BNIP3 regulates mRNA expressions of 
FASN and SCD1, which are involved in de novo synthesis of 
saturated and unsaturated long-chain FFAs. I used cerulenin and 
CAY10566 to distinguish the role of FASN and SCD1 regulated by 
BNIP3 in migration induced by hypoxia pretreatment and survival 
under hypoxia in UCB-hMSCs. Intriguingly, my results showed that 
migration and survival of UCB-hMSCs under hypoxia are regulated 
by FASN, not by SCD1. There have been several previous reports 
investigating the role of lipogenesis-regulating enzymes in stem 
cell regulation. For example, FASN-dependent lipogenesis is highly 
active in adult NSCs and progenitor cells that are associated with 
adult neurogenesis (Knobloch et al., 2013). FASN inhibition by 
cerulenin suppressed proliferation and migration as well as 
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stemness marker expression in glioma stem cell (Yasumoto et al., 
2016). In addition, SCD1 has a tumor suppressive role in survival of 
leukemia stem cells and eliminates undifferentiated tumorigenic 
pluripotent stem cells (Ben-David et al., 2014; Zhang et al., 2012). 
Taken together, those findings suggest that different stem cell 
types have different levels of sensitivity to saturated and 
unsaturated long-chain FFAs. However, further investigation of the 
role of SCD1 upregulation by hypoxia in the stem cell is required to 
provide insight into lipid metabolism of stem cells under hypoxia. 
Meanwhile, there is a previous study reporting that the loss of 
BNIP3 increased FASN expression and lipid synthesis in 
hepatocytes due to ROS accumulation (Glick et al., 2012), which is 
inconsistent with my results. The difference between results is 
believed to be due to cell type and physiological condition 
differences like degree of ROS accumulation. Indeed, present study 
suggested both hypoxia and BNIP3 silencing stimulate ROS 
accumulation, but BNIP3 silencing caused severe ROS accumulation, 
which may lead to suppression of anti-apoptosis, migration and 
FFA production. 
My results further indicate that the regulatory role of BNIP3 in 
ROS accumulation is associated with SREBP1/FASN pathway 
dependent lipogenesis in UCB-hMSCs under hypoxia. There are 
several reports showing the mechanism of regulation of SREBP1 
expression. Previous studies suggested that SREBP1 expression is 
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regulated by HIF-1α and mTORC1 (Furuta et al., 2008a; 
Porstmann et al., 2008). In addition, I previously demonstrated that 
SREBP1 expression is mainly induced by HIF1α as an upstream 
regulator, but not mTOR, in UCB-hMSCs under hypoxic condition 
(Lee et al., 2015). SREBP1 consists of two isoforms of SREBF1 
gene, such as SREBP1a and SREBP1c. Previous reports presented 
that SREBP1c expression is responsible under hypoxic condition, 
which is associated with de novo lipogenesis (Garcia-Fuentes et al., 
2015; Na et al., 2011). Although both SREBP1a and SREBP1c are 
involved in lipid metabolism (Horton et al., 2003; Shimano et al., 
1996), most of previous studies present a SREBP-1c as a major 
regulator of FASN expression (Gao et al., 2015; Oem et al., 2008). 
Those previous findings indicate that SREBP-1c is a major 
regulator for FASN-induced lipogenesis in UCB-hMSCs under 
hypoxia.  
Present study showed that the excessive ROS production by 
BNIP3 silencing decreased SREBP1 and FASN expressions. I 
pretreated NAC to suppress the ROS production potentiated by 
BNIP3 silencing. In my results, NAC pretreatment increased 
SREBP1 and FASN expressions reduced by BNIP3 silencing, and 
decreased ER stress markers expressions potentiated by BNIP3 
silencing. In particular, I observed that BNIP3-silenced UCB-
hMSCs under hypoxia still have high levels of HIF-1α protein and 
SREBF1 mRNA, although BNIP3 silencing suppressed expressions 
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of mature SREBP1 and FASN as well as FFA production. 
Furthermore, I observed that augmentation of ER stress by 
oxidative stress significantly suppressed SREBP1 and FASN 
expressions. Two mechanisms involved in how hypoxia induces ER 
stress have been reported; one is driven by downregulation of Ero1 
oxidase and the other involves induction of PERK signaling by 
GSK-3β activated by oxidative stress (Hotokezaka et al., 2009; 
Ramming et al., 2012). Previous reports demonstrated that the 
chronic and excessive ER stress inactivates mTORC1 signaling, 
which leads to translational inhibition (Guan et al., 2014; Kato et al., 
2012). Indeed, I confirmed suppression of hypoxia-activated 
mTORC1 signaling in BNIP3-silenced UCB-hMSCs. Taken 
together, I present that NAC prevents against the ER stress-
induced translational inhibition by BNIP3 silencing, which leads to 
induction of SREBP1 and FASN expressions. 
There is ample evidence showing that enhancement of migration 
and anti-apoptosis is a potential therapeutic strategy in 
regenerative medicine using MSCs (He et al., 2009; Veevers-Lowe 
et al., 2011). My study results indicate PA, a major product of 
FASN, is a crucial lipid metabolic factor involved in UCB-hMSC 
migration and anti-apoptosis. Previous reports showed that PA 
stimulates migration through plasminogen activator inhibitor-1 
expression and F-actin rearrangement mediated by Cdc42 (Byon et 
al., 2009; Puthanveetil et al., 2011). My previous and present 
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results demonstrate that enhancement of migratory ability of UCB-
hMSCs under hypoxia is involved in F-actin polymerization via 
cofilin-1 phosphorylation and RhoA activation, not via Rac1 and 
Cdc42 (Lee et al., 2015). Meanwhile, several investigators have 
reported on the effect of PA on cell survival, and it seems to be 
dose-dependent (Beeharry et al., 2004; Oh et al., 2010). Although 
present study showed PA pretreatment recovers UCB-hMSC 
apoptosis under hypoxia, additional investigation revealing the 
mechanism involved in PA regulation of apoptosis of UCB-hMSCs 
under hypoxia is needed. It is clear that activation of GPR40 has 
key roles in calcium influx, thereby inducing a cAMP level increase, 
which drives anti-apoptotic effects (Verma et al., 2014). 
Furthermore, I present in vivo evidence that BNIP3-induced UCB-
hMSCs transplantation by hypoxia pretreatment or PA accelerates 
myoblast switch and blood vessel formation, as well as the skin 
wound healing process. A phenotypic switch of fibroblasts toward 
myofibroblasts via myofibroblast development has been reported as 
a representative characteristic of wound repair and maturation 
(Hinz. 2007; Siebert et al., 2011). Although transplanted UCB-
hMSCs at the wound site are exposed to hypoxia, due to low 
density of vascular distribution, BNIP3 silencing of UCB-hMSCs 
with normoxia pretreatment did not significantly affect this process. 
It is implied that BNIP3 may contribute to the survival of 
transplanted UCB-hMSCs in the initial wound-healing phase. In 
- 178 - 
 
addition, I observed that PA recovers the reduced regenerative 
capacity and survival of BNIP3-silenced UCB-hMSCs with hypoxia 
pretreatment. It has been shown that the tissue regenerative effect 
associated with transplantation of MSCs is induced by a paracrine 
effect rather than by cell replacement, and dynamic migration of 
transplanted cells into the wound site has been correlated with 
repair process initiation and the immune modulatory process 
(Granero-Molto et al., 2009; Kwon et al., 2013). Consequently, 
these results indicate that BNIP3 expression and PA production 
induced by hypoxia have critical roles in the regulation of migration 
and survival in transplanted UCB-hMSCs, thereby determining the 
therapeutic efficacy of UCB-hMSC transplantation with hypoxia 
pretreatment. There are many reports showing the effect of PA in 
cell functions, but it appears dose-dependent (Gillet et al., 2015; 
Lee et al., 2015; Menendez et al., 2004). A previous report showed 
high concentration of PA (above 100 μM) induced cell death in a 
dose-dependent manner (Gunaratnam et al., 2013). Transplanted 
cells into the healthy or obese or diabetes patients are exposed to 
high PA (120-220 μM) microenvironment compared to in vitro 
culture medium which does not contain PA (Bell et al., 2006; Jensen 
et al., 1989). Based upon those findings, I proposed that high PA 
microenvironment in obese or diabetic patients may decrease 
therapeutic efficiency of UCB-hMSCs transplantation. However, my 
previous report presented that PA pretreatment increased 
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proliferation and migration via activation of mTORC1 signaling in 
UCB-hMSCs under hypoxia (Lee et al., 2015). Therefore, I provide 
PA as an inducer or a signal molecule for enhancing the therapeutic 
potential of cell prior to UCB-hMSCs transplantation.  
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Stem cells in the body are exposed to low oxygen pressure due to 
the physiological distribution of vessels (Simon & Keith. 2008). 
This hypoxic niche for stem cells is essential to maintain the 
metabolic characteristics of stem cells (Ito & Suda. 2014). Thus, 
describing the oxygen nature of this stem cell niche is important for 
elucidating stem cell regulation. Oxygen signaling is a major 
determinant of cell fate-controlling cellular processes. Control of 
oxygen signaling in stem cells has the potential to regulate 
embryonic development, cell cultivation, cell reprogramming, and 
transplantation in regenerative medicine (Forsyth et al., 2006; 
Simon & Keith. 2008; Song et al., 2010; Theus et al., 2008; Yoshida 
et al., 2009). There are many reports showing the effects of 
hypoxia on various kinds of stem cells, and it has been shown that 
hypoxia has a paradoxical role in stem cell behaviors and cell fate 
regulation related to stem cell type, ageing, and oxygen 
concentration (Csete. 2005; Forsyth et al., 2006; Holbrook et al., 
2002; Kumar et al., 2015). Studies of mechanisms by which stem 
cells function under hypoxia, and how they are regulated, have been 
undertaken. Several investigators recently reported that hypoxia-
mediated stem cell metabolic alteration is associated with stem cell 
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function; as a result, interest in the interaction between hypoxia and 
stem cell metabolism is growing (Lee et al., 2015; Teslaa et al., 
2015). However, which metabolic factors are important for stem 
cell fate under hypoxia have not been elucidated. 
O-GlcNAcylation is affected by cellular nutrient status and 
extra-cellular stresses including hypoxia (Hart et al., 2007; Wells 
et al., 2001)-(Love et al., 2005). A hypoxia-induced glycolytic 
switch primarily stimulates HBP flux, which induces O-
GlcNAcylation signaling (Guillaumond et al., 2013). O-
GlcNAcylation is catalyzed by OGT to add N-acetyl glucosamine to 
the Ser or Thr residues of proteins (Dorfman et al., 1955; Ghosh et 
al., 1960; Marshall et al., 1991). O-GlcNAcylation acts as an 
essential factor for controlling physiological processes including 
migration, proliferation, and survival in stem cells, and recently it 
was considered as a potential strategy for use in stem cell therapy 
(Jeon et al., 2013; Shafi et al., 2000; Zafir et al., 2013). In addition, 
as many human metabolic diseases such as diabetes and cancer are 
attributed to aberrant O-GlcNAcylation, unraveling HBP-mediated 
O-GlcNAc signaling is important in the development of practical 
strategies for metabolic diseases treatment. For example, Liu et al. 
showed that glucosamine-mediated O-GlcNAcylation induced 
resistance to tissue damage resulting from ischemic injury and 
provided cardio-protection in an animal model (Liu et al., 2006). 
Furthermore, O-GlcNAcylation interacts with other nutrient 
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metabolic pathways such as lipogenesis, gluconeogenesis, and 
glycogen synthesis (Hardiville et al., 2014; Ruan et al., 2013; Wells 
et al., 2001). Among these metabolic pathways, lipid metabolism is 
reported to have a central role in controlling stem cell fate (Folmes 
et al., 2013; Ito et al., 2012). Collectively, these results suggest 
that O-GlcNAcylation can be a useful tool for use in cellular 
metabolic regulation, and identification of an O-GlcNAcylation-
regulating potential lipid metabolic factor, which is important for 
stem cell regulation, may suggest metabolic approaches potentially 
useful in stem cell therapy. 
ESCs are distinctive in that they have a self-renewal capacity, 
exhibit pluripotency to enable differentiation into cellular 
derivatives of three lineages, and may be used as a representative 
in vitro model in the study of early embryo development, pluripotent 
stem cell physiology, and clinical applications (Chambers. 2004; 
Murry et al., 2008; O'Shea. 2004). Despite the clinical limitation 
associated with ESCs and the possibility of cancer formation, 
several studies into the therapeutic effects of ESCs in regenerative 
medicine have been reported. Indeed, administrations of human or 
mouse ESCs has induced a paracrine effect and improved damaged 
cell functions (Hodgson et al., 2004; Laflamme et al., 2007; Lee et 
al., 2011). However, despite the benefit of ESCs in regenerative 
medicine, ESC apoptosis remains an impediment to ESC applications 
using hypoxia (Arnaboldi et al., 2005; Khan et al., 2007; Koay et al., 
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2008). Thus, researchers are investigating ways to minimize ESC 
apoptosis and control ESC fate under hypoxia. In this study, I used 
glucosamine to induce O-GlcNAcylation. Therefore, my study 
investigated the role of O-GlcNAcylation via glucosamine (GlcN) 
which is recognized as a HBP activator (Pouwels et al., 2001) in 
lipid metabolism and in protection of mouse ESC (mESC) apoptosis 
under hypoxia. 
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2. MATERIALS & METHODS 
 
2.1. Materials 
Cells from a mESC line (ES-E14TG2a) were provided by the 
American Type Culture Collection (Manassas, VA). Fetal bovine 
serum was purchased from HyClone (Logan, UT). The Bcl-2, Bax, 
caspase-3, caspase-9, Sp1, cytochrome c, COX4, β–tubulin, Oct 
3/4, nanog, β-actin, and Lamin A/C antibodies were acquired from 
Santa Cruz Biotechnology (Dallas, TX). The RL-2, Glycerol-3-
phosphate acyltransferase 1 (GPAT1), and ALG10 antibodies were 
obtained from abcam (Cambridge, MA). Mammalian target of 
rapamycin (mTOR), p-mTOR (Ser2448), S6K1, p-S6K1 (Thr 
389), 4EBP1, and p-4EBP1 (Thr37/46) antibodies were purchased 
from Cell Signaling Technology (Beverly, MA). HRP-conjugated 
rabbit anti-mouse and goat anti-rabbit secondary antibodies were 
acquired from Thermo Fisher (Waltham, MA), whereas HRP-
conjugated rabbit anti-goat secondary antibody was obtained from 
Santa Cruz Biotechnology. Rapamycin, D-glucosamine, PUGNAc, 
N-acetyl D-glucosamine (GlcNAc), tunicamycin, LPA, palmitic acid, 
oleic acid, mithramycin A, pertussis toxin (Ptx), SN-50 and BrdU) 
were purchased from Sigma-Aldrich (St. Louis, MO). The OGT 
inhibitor ST045849 was obtained from Timtec (Newark, DE). 
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siRNA for Gpat1 and NT siRNA were acquired from Dharmacon 
(Lafayette, CO). PI and Alexa fluor 488-conjugated secondary 
antibodies were purchased from Life technologies (Gaithersburg, 
MD). All experiments were performed with 6–10 passages of the 
tested cells. 
 
2.2. mESC culture 
The mESCs were cultured with 15% FBS, 1% antibiotic mixture, 
5 ng/mL mouse LIF, and high glucose Dulbeco’s essential medium 
(DMEM; Gibco, Grand Island, NY). The cells were grown on 6-well 
plates or in 35 or 60 mm culture dishes in an incubator maintained 
at 37°C with 5% CO2. After 48 h of cell culture, cells were washed 
twice with PBS) and placed in DMEM-supplemented culture 
medium with 5% serum replacement, 1% antibiotics, and 5 ng/mL 
LIF (SR-medium). After cells were incubated 24 h for mESC 
synchronization, cells were washed twice with PBS and placed in 
SR-medium with agents. 
 
2.3. Hypoxia treatment 
The detailed protocol for hypoxia is described in Materials & 
Methods section of CHAPTER I. 
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2.4. Mouse skin flap model 
All procedures using animals followed the National Institutes of 
Health Guidelines for the Humane Treatment of Animals and were 
performed under Institutional Animal Care and Use Committee–
approved protocols at Seoul National University (SNU-150508-4). 
Mice were housed in a standard animal facility maintained on a 12 h 
light/dark cycle and within a room temperature range of 20–25°C. 
Eight-week-old male Institute for Cancer Research mice were 
anesthetized with 2% isoflurane in oxygen/nitrous oxide mixtures. 
A previously described skin flap model procedure was performed 
(Basu et al., 2014; de Carvalho et al., 2005; Morimoto et al., 2014). 
Experimental animals were divided into seven groups: vehicle-
injected wild type mice (group 1, n=6); mESC transplantation mice 
that received mESC pretreated with either NT siRNA alone (group 
2, n=6) or NT siRNA and 10 μM glucosamine (group 3, n=6); 
mice that received mESC pretreated with gpat1 siRNA and 10 μM 
glucosamine (group 4, n=6); mice that received 10 μM 
glucosamine with vehicle (group 5, n=6); mice that received mESC 
pretreated with  0.1 μM LPA (group 6, n=6); and mice that 
received 0.1 μM LPA with vehicle (group 7, n=6). After shaving 
off the hair, a 4 cm × 1 cm skin flap template on the dorsal surface 
of the mouse was traced by using a surgical marker. The surgical 
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procedure for flap creation was performed under aseptic conditions. 
A full-thickness skin flap was elevated for 30 min. For treatment, 
100 μL of a PBS and matrigel (BD Biosciences, NJ) mixture 
containing vehicle or mESCs (n=1 × 106) with either glucosamine 
or LPA was injected into the dermis at the center of the skin flap. 
The flap was then sutured back to its original position by a simple 
interrupted suturing technique using 3-0 silk non-absorbable 
sutures. Transplanted mESCs were pretreated with BrdU (2 μM). 
All flap images were acquired at the same distance from the subject 
(30 cm) with a digital camera system (D50; Nikon, Tokyo, Japan). 
At post-injection day 12, all mice were euthanized and 1.5 cm × 
0.5 cm tissue samples in the central part of the skin flap were 
excised and collected (Fig. 6A). Collected tissues were embedded 
in O.C.T compound (Sakura Finetek, Torrance, CA) and frozen. 
Embedded samples were sliced (10 μm thick), and underwent 
hematoxylin and eosin (H&E) and immunohistochemical staining. 
Sliced samples for IHC analysis were immunostained with BrdU and 
PI. Immunostained cells were visualized by using fluorescence 
microscopy (Olympus, Tokyo, Japan), and the images were 
analyzed by using MetaMorph software (Universal Imaging, West 
Chester, PA). Visual assessment of skin flap necrotic areas was 
performed by using ImageJ software (developed by Wayne Rasband, 
National Institutes of Health, Bethesda, MD; available at 
http://rsb.info.nih.gov/ij/). Dark areas with scabs in a skin flap were 
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considered necrotic. To determine the portion of the skin flap that 
was necrotic, I used the formula: Necrotic area in skin flap = 
necrotic area of flap area / area of total flap ×100. 
 
2.5. Western blot analysis 
The detailed protocol for hypoxia is described in Materials & 
Methods section of CHAPTER I. 
 
2.6. Nuclear and non-nuclear fraction preparation 
The detailed protocol for nuclear fractionation is described in 
Materials & Methods section of CHAPTER I. 
 
2.7. Isolation of mitochondria 
The detailed protocol for mitochondrial isolation is described in 
Materials & Methods section of CHAPTER II. 
 
2.8. Immunoprecipitation 
The detailed protocol for immunoprecipitation is described in 
Materials & Methods section of CHAPTER II. 
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2.9. mRNA isolation and reverse PCR 
The mESC RNA was extracted by using the RNeasy Plus Mini Kit 
(QIAGEN, Valencia, CA). Extracted RNA (1 μg) was reverse-
transcripted with a Maxime RT premix kit (iNtRON Biotechnology, 
Sungnam, Korea). The cDNA was amplified with the sense and 
antisense primers of Gpat1 and β-actin. 
 
2.10. Real-time PCR 
Expressions of the Fasn, Acc1, Cpt1a, Cpt1b, Magl, Gpat1, Gpat2, 
Gpat3, Gpat4, Scd1, Scd2, Scd3, Scd4, Lpaatα, Lpaatβ, Lpaatδ, 
Lpaatε, and Actb genes were detected by using a Rotor-Gene 
6000 real-time thermal cycling system (Corbett Research, 
Mortlake, Australia) with a QuantiMix SYBR kit (Phile Korea 
Technology, Daejeon, Korea), mRNA primers, and 1 μg of the 
cDNA sample. Data were analyzed by using the manufacture’s 
software (Corbett Research). Melting curve analysis was used to 
confirm the identity and specificity of the PCR products. 
Normalization was performed by using β-actin as the endogenous 
control. Primer sequences used in experiments are described in 
Table 7. 
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Table 7. Sequences of primers used for PCR.  
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2.11. Small interfering RNA transfection 
Prior to transplantation or hypoxia treatment, siRNAs specific for 
Gpat1 or NT siRNA as a negative control were transfected to 
mESCs for 24 h with HiPerfect transfection reagent (QIAGEN) 
according to the manufacturer’s description. Each transfected 
siRNA’s concentration was 25 nM. The siRNA sequences are 
described in Table 8. 
 
Table 8. Sequences of siRNAs used for gene silencing.  
 
 
2.12. Trypan blue exclusion cell viability assay 
The detailed protocol for trypanblue exclusion cell viability assay 
is described in Materials & Methods section of CHAPTER I. 
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2.13. Annexin V/PI fluorescence-activated cell 
sorter (FACS) analysis 
The detailed protocol for annexin V/PI FACS analysis is 
described in Materials & Methods section of CHAPTER I. 
 
2.14. Intracellular ROS detection 
The detailed protocol for ROS measurement is described in 
Materials & Methods section of CHAPTER II. 
 
2.15. Immunofluorescence staining 
The detailed protocol for immunofluorescence staining is 
described in Materials & Methods section of CHAPTER I. 
 
2.16. Live Cell Imaging 
The detailed protocol for live cell imaging is described in 
Materials & Methods section of CHAPTER I. 
 
2.17. [3H]-thymidine incorporation 
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The detailed protocol for [3H]-thymidine incorporation is 
described in Materials & Methods section of CHAPTER I. 
 
2.18. Statistical analysis 
All experimental data are summarized as a mean ± standard 
error. Differences among experimental groups were tested by using 
ANOVA. To compare some treatment group means with either 
control or hypoxia treatment means, the Bonferroni-Dunn test was 










3.1. Effect of hypoxia on O-GlcNAcylation and 
survival in mESCs 
To investigate the effect of hypoxia on intracellular ROS 
production of mESCs, I performed DCF-DA staining assays. 
Intracellular ROS production in mESCs under hypoxia for 24 h 
increased to 156% of that in the normoxia control (Fig. 58A). To 
examine the effect of hypoxia on mESCs survival, mESCs were 
incubated under hypoxic condition for various durations (0–72 h). 
Anti-apoptotic protein Bcl-2 expression level decreased in a 
time-dependent manner after 12 h of hypoxia. But, hypoxia 
increased expression levels of Bax, cleaved caspase-9, and cleaved 
caspase-3 after 12 h of hypoxia (Fig. 58B). Viability of hypoxia-
treated cells decreased in a time-dependent manner and was 
significantly lower than that of control cells during 24–72 h of 
hypoxia treatment (Fig. 58C). To confirm the role of glucosamine 
on O-GlcNAcylation in mESCs, I used RL-2 antibody specific for 
O-GlcNAc. Hypoxia treatment for 24 h slightly increased total O-
GlcNAc level, and the maximum increase in O-GlcNAc level was 
observed in cells treated with 10 μM of glucosamine and hypoxia 
(Fig. 59A). As shown in figure 59B, the effect of another O-
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GlcNAcylation activator GlcNAc was also similar to that of 
glucosamine.  
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Figure 58. Effects of hypoxia on ROS production and apoptosis in 
mESCs. (A) Cells were exposed to hypoxa for 24 h, and then DCF-
DA sensitive cellular ROS level was detected. n=6. * indicates p < 
0.05 vs. normoxia control (B) Cells were exposed to hypoxic 
condition for 0-72 h. Bcl-2, Bax, cleaved caspase-9, and cleaved 
caspase-3 proteins were detected by western blotting. n=3. (C) 
Cell viability was measured directly using a Petroff-Hausser 
counting chamber. Data are reported as mean ± S.E of three 
independent experiments with duplex dishes. * indicates p < 0.05 vs. 
normoxia control.  




Figure 59. Effect of glucosamine and GlcNAc on O-GlcNAcylation 
in mESCs. (A, B) Cells were treated with various concentrations of 
glucosamine and GlcNAc (10-4 -10-7 M) for 30 min prior to 
hypoxia treatment. Glucosamine-pretreated cells were exposed to 
hypoxia for 24 h. And then, RL-2 and β-actin were detected by 
using western blotting. n=3. * indicates p < 0.05 vs. control, # 
indicates p < 0.05 vs. hypoxia treatment alone, 
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3.2. Effect of O-GlcNAcylation on mESC survival 
under hypoxia 
To determine the effect of glucosamine on mESC survival, I 
examined cell viability after 24 h of hypoxic incubation with various 
concentrations of the glucosamine (10 mM to 1 μM). Hypoxia 
significantly decreased cell viability, but viability was recovered by 
10 μM of glucosamine treatment (Fig. 60A). In addition, hypoxia 
decreased Bcl-2 expression and increased Bax, cleaved caspase-9, 
and cleaved caspase-3 expressions, results that were reversed by 
glucosamine treatment (Fig. 60B). Live cell imaging results showed 
that the size of mESC colonies with glucosamine under hypoxia was 
significantly larger than that of the hypoxia controls during 24–48 h 
incubation (Fig. 60C). Next, I investigated whether glucosamine-
induced O-GlcNAcylation regulated mESC survival under hypoxia. 
Addition of the OGT inhibitor ST045849 decreased the previous 
glucosamine-increased cell viability (Fig. 61A). Consistent with 
this result, the glucosamine treatment reduced annexin V positive 
and PI positive mESCs under hypoxia, which was significantly 
inhibited by ST045849 addition (Fig. 61B). 
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Figure 60. Effect of glucosamine on mESCs apoptosis under 
hypoxia. (A) Cells were pretreated various concentrations of 
glucosamine (100 mM-1 μM). And then, cells were exposed to 
hypoxia for 24 h. Cell viability was detected using by trypan blue 
exclusion cell viability assay. n=6. * indicates p < 0.05 vs. normoxia 
control. (B) Cells were pretreated with glucosamine (10 μM) for 
30 min prior to hypoxia treatment. After 24 h of hypoxic incubation, 
Bcl-2, Bax, cleaved caspase-9, cleaved caspase-3 and β-actin 
proteins were detected by western blotting. n=3. (C) mESCs 
colony size was acquired by using live cell imaging microscopy 
system. Scale bars=100 μm (magnification, × 200). n=3. * 
indicates p < 0.05 vs. control, and # indicates p < 0.05 vs. hypoxia 
treatment alone. 




- 203 - 
 
Figure 61. Protective role of glucosamine-induced O-
GlcNAcylation in mESCs apoptosis under hypoxia. (A) Cells were 
pretreated ST045849 (20 μM) for 30 min before treatment of 
glucosamine (10 μM) for 30 min. Subsequently, cells were 
exposed to hypoxia for 24 h. Cell viability were measured directly 
using a Petroff-Hausser cell counting chamber. n=6. (B) Cells 
were immunostained with FITC-conjugated annexin V antibody and 
PI, and analyzed by flow cytometry. Data are presented as a mean 
± S.E. n=4. * indicates p < .05 vs. control, # indicates p < 0.05 vs. 
hypoxia treatment alone, and @ indicates p < 0.05 vs. hypoxia with 
glucosamine. 
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3.3. Effect of O-GlcNAcylation of Sp1 on GPAT1 
expression 
To determine the effect of hypoxia and glucosamine on lipid 
metabolic enzyme expressions in mESCs, I assessed mRNA 
expression levels of Fasn, Acc1, carnitine palmitoyltransferase 1a 
(Cpt1a), Cpt1b, monoacylglycerol lipase (Magl), Gpat1, Gpat2, 
Gpat3, Gpat4, Scd1, Scd2, Scd3, Scd4, lysophosphatidic acid 
acyltransferase α (Lpaatα), Lpaatβ, Lpaatδ, and Lpaatε. 
Hypoxia increased the mRNA expression levels of Gpat1, Scd1, 
Lpaatα, Lpaatδ, and Lpaatε, whereas glucosamine treatment 
increased only Gpat1 mRNA expression (Fig. 62A). 
Immunofluorescence staining results showed a 210% increase in 
the fluorescence intensity of GPAT1 in the glucosamine and 
hypoxia-treated mESCs and a 137% increase in the fluorescence 
intensity of GPAT1 in hypoxia-treated mESCs (Fig. 59B). 
Furthermore, glucosamine-induced GPAT1 expression was 
inhibited by ST045849 pretreatment (Fig. 63A). However, 
tunicamycin, a N-linked glycosylation inhibitor, did not affect 
glucosamine-induced GPAT1 expression of mESCs under hypoxia 
(Fig. 63B). As shown in figures 64 and 65A, hypoxia and 
glucosamine stimulated O-GlcNAcylation and nuclear translocation 
of Sp1. Nuclear translocation of Sp1 was regulated by the addition 
of ST045849 and the OGA inhibitor PUGNAc. After 24 h of hypoxia 
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and hypoxia with glucosamine treatments, fluorescence intensity of 
Sp1 in the PI-stained region increased to 129% and 193%, 
respectively. However, total fluorescence intensity of Sp1 was not 
affected by hypoxia and glucosamine treatment (Fig. 65B). In 
addition, pretreatment with the Sp1 inhibitor mithramycin A (1 μM) 
suppressed glucosamine-induced GPAT1 expression (Fig. 66A). 
However, the inhibition of SREBP1 activity by fatostatin 
pretreatment did not affect glucosamine-induced GPAT1 
expression (Fig. 66B). Based on these results, I suggest that O-
GlcNAyclation has a critical role in glucosamine-induced Sp1 
nuclear translocation, which is followed by regulation of GPAT1 
expression in mESCs under hypoxia. 
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Figure 62. Effect of hypoxia and glucosamine on lipid metabolic 
enzymes expression. (A, B) Cells were pretreated with glucosamine 
(10 μM) for 30 min prior to hypoxia treatment. And then, cells 
were exposed to hypoxia for 24 h. (A) The mRNA expression 
levels of Fasn, Acc1, Cpt1a, Cpt1b, Magl, Gpat1, Gpat2, Gpat3, 
Gpat4, Scd1, Scd2, Scd3, Scd4, Lpaatα, Lpaatβ, Lpaatδ, Lpaatε, 
and β-actin mRNA were measured by using real-time PCR. Each 
mRNA expression was normalized by β-actin mRNA expression 
level. n=6. (B) Cells were immune-stained with GPAT1 antibody 
and PI. n=3. Data are presented as a mean ± S.E Scale bars = 25 
μm (magnification, × 800). * indicates p < 0.05 vs. control, # 
indicates p < 0.05 vs. hypoxia treatment alone, 
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Figure 63. Role of glucosamine-induced O-GlcNAcylation in 
GPAT1 expression. (A, B) Cells were pretreated with ST045849 
(20 μM) or tunicamycin (0.1 μg/ml) for 30 min prior to 
glucosamine treatment (10 μM) for 30 min, and then cells were 
exposed to hypoxia for 24 h. (A) GPAT1 protein and β-actin 
expressions were measured by using western blotting. n=3. (B) 
Total N-linked glycosylation (ALG10), GPAT1, and β-actin were 
detected by using western blotting. n=3 * indicates p < 0.05 vs. 
control, # indicates p < 0.05 vs. hypoxia treatment, and @ indicates 
p < 0.05 vs. hypoxia with glucosamine.  
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Figure 64. Effect of glucosamine on O-GlcNAcylation of Sp1 in 
mESCs under hypoxia. (A) Cells were pretreated with glucosamine 
(10 μM) for 30 min prior to hypoxia treatment. (A) RL-2, Sp1, 
and β-actin protein expressions were detected by western 
blotting. n=3. Error bars are presented as a mean ± S.E. n=3. 
Scale bars = 25 μm (magnification, × 800). * indicates p < 0.05 
vs. control, # indicates p < 0.05 vs. hypoxia treatment alone. 
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Figure 65. Role of glucosamine-induced O-GlcNAcylation of Sp1 
in nuclear translocation of Sp1. (A) Cells were pretreated with 
ST045849 (20 μM) or PUGNAc (10 μM) prior to glucosamine 
(10 μM) treatment, and then cell were exposed to hypoxia for 24 h. 
Harvested cells were fractionized into non-nuclear and nuclear 
fractions. Sp1, β-actin, and lamin A/C were detected by western 
blotting. n=3. (B) GPAT1 was detected by immunostaining with 
GPAT1 antibody. Error bars are presented as a mean ± S.E. n=3. 
Scale bars = 25 μm (magnification, × 800). * indicates p < 0.05 
vs. control, # indicates p < 0.05 vs. hypoxia treatment alone, and @ 
indicates p < 0.05 vs. hypoxia with glucosamine. 
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Figure 66. Role of Sp1 and SREBP1 in glucosamine-induced 
GPAT1 expression. (A) Cells were pretreated mithramycin A (1 
μM) for 30 min prior to glucosamine (10 μM) treatment for 30 
min. Subsequently, cells were exposed to hypoxia for 24 h. Total 
protein was extracted, and blotted with GPAT1. n=3. (B) Cells 
were pretreated with fatostatin (1 μM) prior to glucosamine (10 
μM) treatment. And then cells were exposed to hypoxia for 24 h. 
Total proteins were extracted, and blotted with GPAT1 and β-
actin specific antibodies. n=3. * indicates p < 0.05 vs. control, # 
indicates p < 0.05 vs. hypoxia treatment alone, and @ indicates p < 
0.05 vs. hypoxia with glucosamine. 
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3.4. Role of GPAT1 in mESC apoptosis under 
hypoxia 
Next, to determine the effect of lipid metabolic enzyme’s 
metabolites on mESC survival under hypoxia, I performed cell 
viability assays after mESC pretreatment with palmitic acid, oleic 
acid, and LPA. As shown in figure 67, the survival effect of LPA 
was stronger than that of other substrates in mESCs under 
normoxia or hypoxia. Subsequently, I treated mESCs with 
glucosamine and Gpat1-specific siRNA to assess the role of 
GPAT1 on mESC survival under hypoxia. Silencing of GPAT1 
expression decreased Bcl-2 expression, but increased Bax, cleaved 
caspase-9, and cleaved caspase-3 expressions (Fig. 68A). I 
performed trypan blue exclusion cell viability assays and annexin 
V/PI FACS analysis to elucidate further the role of GPAT1. The cell 
viability of Gpat1 siRNA with glucosamine pretreatment was similar 
to that of hypoxia-treated mESCs (Fig. 68B and 68C). In addition, 
hypoxia and glucosamine-induced GPAT1 didn’t affect 
undifferentiation markers Oct3/4 and nanog expressions (Fig 69). 
These results indicate that glucosamine-induced GPAT1 
upregulation in hypoxia significantly affects mESC survival.  
  





Figure 67. Effect of lipid metabolites on mESCs apoptosis under 
hypoxia. Cells were pretreated with palmitic acid (10 μM), oleic 
acid (10 μM), and LPA (0.1 μM) prior to hypoxia treatment for 
24 h. Cell viability was measured with trypan blue exclusion assay. 
Error bars are showed as a mean ± S.E. n=6. * indicates p < .05 
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Figure 68. Role of GPAT1 in mESCs apoptosis under hypoxia. (A) 
Cells were transfected with Gpat1 and NT siRNAs for 24 h prior to 
glucosamine (10 μM) treatment for 30 min, and then cells were 
exposed to hypoxia for 24 h. Expressions of GPAT1, Bcl-2, Bax, 
caspase-9, caspase-3, and β-actin are shown. n=3. (B) Cell 
viability was measured directly by trypan blue exclusion assay 
using counting chamber. n=6. (D) Viable cells were measured by 
using annexin V/PI flow cytometry analysis. n=4. * indicates p < 
0.05 vs. control, # indicates p < 0.05 vs. hypoxia treatment alone, 
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and @ indicates p < 0.05 vs. hypoxia with glucosamine.  
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Figure 69. Role of GPAT1 in Oct3/4 and Nanog expressions in 
mESCs apoptosis under hypoxia. Cells were transfected with Gpat1 
and NT siRNA. And then, cells were exposed to hypoxia for 24 h. 
Total proteins were extracted, and blotted with Oct3/4, nanog and 
β-actin specific antibodies. n=3. 
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3.5. Role of glucosamine-induced GPAT1 in mTOR 
activation and apoptosis in mESCs under hypoxia 
Subsequently, I investigated the detailed signaling pathway by 
which GPAT1 induces mESC survival under hypoxia. As shown in 
Fig. 70, glucosamine treatment phosphorylated mTOR, which was 
blocked by Gpat1 siRNA transfection. I confirmed that glucosamine 
treatment increased Bcl-2 expression, and decreased Bax, cleaved 
caspase-9 expressions and cytochrome c release, which were 
reversed by 10 nM of mTOR inhibitor rapamycin pretreatment (Fig 
71A and 71B). In addition, glucosamine treatment increased [3H]-
thymidine incorporation level of mESCs under hypoxia, which was 
blocked by rapamycin addition (Fig. 71C).  
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Figure 70. Role of glucosamine-induced GPAT1 in mTOR 
phosphorylation in mESCs under hypoxia. (A) Cells were 
transfected with Gpat1 and NT siRNA for 24 h prior to glucosamine 
(10 μM) for 30 min. Subsequently, cells were exposed to hypoxia 
treatment for 24 h. Harvested samples are lysed, and p-mTOR, 
GPAT1, and β-actin protein expressions were measured by using 
western blotting. n=3. * indicates p < 0.05 vs. control, # indicates p 
< 0.05 vs. hypoxia treatment, and @ indicates p < 0.05 vs. hypoxia 
with glucosamine. 
- 218 - 
 
 
Figure 71. Involvement of mTOR in GPAT1-induced anti-
apoptosis of mESCs under hypoxia. (A) Cells were pretreated with 
rapamycin (10 nM) or glucosamine (10 μM) prior to hypoxia for 
24 h. Expressions of Bcl-2, Bax, cleaved caspase-9, and β-actin 
are shown. n=3. (B) Cytochrome c, COX4 and β-tubulin in the 
cytosolic and mitochondrial fraction were detected by western blot. 
(C) Cells were pulsed with 1 μCi of [3H]-thymidine for 1 h prior 
to counting. Data are reported as a mean ± S.E. n=6. * indicates p 
< 0.05 vs. control, # indicates p < 0.05 vs. hypoxia treatment, and 
@ indicates p < 0.05 vs. hypoxia with glucosamine.  
- 219 - 
 
3.6. Effect of LPA on mTOR activation and survival 
in mESCs under hypoxia 
Next, I treated LPA to determine the role of GPAT1 metabolite in 
mESC apoptosis under hypoxia. I examined cell viability after 24 h 
of hypoxic incubation with various concentrations of LPA (1 nM – 1 
μM). The 0.1 and 1 μM LPA pretreatments increased significantly 
the cell viability of mESCs under hypoxia (Fig. 72A). In addition, 
hypoxia and hypoxia with LPA pretreatment increased 
phosphorylations of mTOR and mTOR substrates (S6K1 and 
4EBP1). The LPA-induced phosphorylation of mTOR and mTOR 
substrates were suppressed by pretreatment with the LPA receptor 
inhibitor Ptx (Fig. 72B). After hypoxia and hypoxia with LPA 
treatment, the fluorescence intensity of p-mTOR in mESC colonies 
increased to 187% and 342%, respectively (Fig. 72C). Treatment 
with LPA increased Bcl-2 expression and decreased Bax, cleaved 
caspase-9, and cleaved caspase-3 expressions, which were 
reversed by rapamycin addition (Fig. 73A). Cell viability assay and 
annexin V/PI FACS analysis results showed that rapamycin 
treatment reduced LPA-induced mESC survival (Figs. 73B and 
73C). In addition, I performed several experiments to identify the 
role of NF-κB in mESC apoptosis under hypoxia. I found that LPA 
increased phosphorylation (Ser 536) of NF-κB, the activation 
marker (Fig. 74A). However, NF-κB inhibitor SN-50 didn’t 
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affect LPA-induced survival effect on mESCs under hypoxia (Fig. 
74B). Based on these results, I suggest that LPA activates the 
mTOR pathway, resulting in mESC survival under hypoxia. 
- 221 - 
 
 
Figure 72. Effect of LPA on mTOR phosphorylation and survival of 
mESCs under hypoxia. (A) Cells were pretreated with various 
concentrations of LPA (10-6 M-10-9 M) prior to hypoxia for 24 h. 
Cell viability was measured by trypan blue exclusion assay. n=6. (B) 
Cells were pretreated with pertussis toxin (100 ng/ml) for 30 min 
prior to LPA treatment (0.1 μM) for 30 min. Cells were exposed to 
hypoxia treatment for 24 h. Total samples were blotted with p-
mTOR, mTOR, p-S6K1, S6K1, p-4EBP1, 4EBP1, and β-actin. 
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n=3 (C) p-mTOR was immuno-stained with p-mTOR antibody, 
and counter-stained with PI. n=3. Data are presented as a mean ± 
S.E. * indicates p < 0.05 vs. control, # indicates p < 0.05 vs. 
hypoxia treatment alone, and @ indicates p < 0.05 vs. hypoxia with 
LPA. 
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Figure 73. Protective role of LPA-activated mTOR in apoptosis of 
mESCs under hypoxia. (A) Cells were pretreated with rapamycin 
(10 nM) or LPA (0.1 μM) prior to hypoxia for 24 h. Samples were 
blotted with Bcl-2, Bax, cleaved caspase-9, cleaved caspase-3, 
and β-actin. n=3. (B) Cell viability was measured by using cell 
counter. n=6. (C) Viable cells were measured by flow cytometry 
analysis. n=4. Data are presented as a mean ± S.E. * indicates p < 
0.05 vs. control, # indicates p < 0.05 vs. hypoxia, and @ indicates p 
< 0.05 vs. hypoxia with LPA. 
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Figure 74. Role of NF-κB phosphorylation in LPA-induced 
survival of mESCs under hypoxia. (A) The mESCs were treated 
with hypoxia or LPA. And then, p-NF-κB p65 (S536), NF-κB 
p65 and β-actin were detected by using western blotting. n=3. (B) 
Measurement of cell viability was performed by trypan blue 
exclusion cell viability assay. Cells were pretreated with SN-50 (1 
μM) prior to LPA (0.1 μM) for 30 min. Subsequently, cells were 
exposed to 24 h of hypoxia. Data are presented as a mean ± S.E. 
n=6. * indicates p < 0.05 vs. control, and # indicates p < 0.05 vs. 
hypoxia treatment alone. N.S indicates not statistically significant. 
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3.6. Role of GPAT1 on mESC survival and skin flap 
survival 
I performed mouse skin flap surgery to test the protective roles 
of glucosamine and GPAT1 on transplanted mESC survival (Fig. 
75A). An extended necrotic area in the central and distal part of the 
flap appeared in the vehicle, glucosamine, and LPA control groups. 
The necrotic area of the NT siRNA-transfected mESCs group was 
smaller than that of vehicle group. The necrotic region in the skin 
flap was reduced to a significantly greater extent in NT siRNA-
transfected mESCs with either glucosamine or LPA than that in the 
NT siRNA-transfected mESCs group. However, the necrotic area 
of the Gpat1 siRNA-transfected mESCs with glucosamine 
treatment group was larger than that of the NT siRNA-transfected 
mESCs with glucosamine treatment group (Fig. 75B). Histological 
evaluation, via H&E staining, showed an intact epithelial layer in the 
NT siRNA-transfected mESCs with glucosamine or LPA treatments, 
which indicates that mESCs with glucosamine treatment can 
stimulate skin flap survival under hypoxia conditions (Fig. 76A). 
Immunohistochemistry results showed that glucosamine and LPA 
significantly increased the number of BrdU-positive mESCs in the 
skin flap. The number of Gpat1 siRNA-transfected mESCs in the 
glucosamine treatment group was similar to that in the NT siRNA-
transfected mESCs alone group (Fig. 76B). 
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Figure 75. Role of glucosamine-induced GPAT1 in skin necrosis. 
(A) NT siRNA transfected cells are injected in the center region (I) 
of the flap. At post-injection day 12, all tissue samples (S) 
including injection site in are excised and collected. (B) 
Representative gross images of skin flap were obtained at day 12 
after flap surgery. Necrotic area in skin flap was analyzed by using 
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ImageJ software. Error bars indicate a mean ± S.E. n=5. * 
indicates p < 0.05 vs. mESCs group, and # indicates p < 0.05 vs. 
mESCs with glucosamine group. 
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Figure 73. Role of GPAT1 in mESCs survival in the mouse skin flap 
model. (A) Tissue samples were stained with hematoxylin and eosin. 
Scale bars, 100 μm (magnification, ×40 and ×100). (B) BrdU and 
PI stained cells were analyzed by using MetaMorph software. Scale 
bars, 200 μm (magnification, ×100 and ×200). * indicates p < 
0.05 vs. mESCs group, and # indicates p < 0.05 vs. mESCs with 
glucosamine group. ND, not detected. Abbreviations: C, crust; Ep, 
epidermis; D, dermis; GT, granulated tissue. 




The results of the present investigation demonstrate the role of 
GPAT1 expression via augmented O-GlcNAcylation of Sp1 in 
mESC survival under hypoxia (Fig. 77). Although the effect of 
hypoxia on stem cell survival is not elucidated fully (Forsyth et al., 
2006; Theus et al., 2008), I observed that increasing the exposure 
of mESC to hypoxia resulted in duration-dependent apoptosis. 
Mishra et al. reported that an increase in the Bax/Bcl-2 ratio is 
essential for caspase-9 mediated mitochondrial apoptosis under 
hypoxia (Mishra et al., 2006). In this study, hypoxia and 
glucosamine treatments increased O-GlcNAc level, and 
glucosamine augmented O-GlcNAcylation suppressed hypoxia-
induced mESC apoptosis. In support of my results, there are several 
reports that glucosamine activates HBP flux and has a protective 
role via O-GlcNAcylation in other types of cells including 
cardiomyocytes and retinocytes (Chen et al., 2015; Linington et al., 
1990; Pouwels et al., 2001). Moreover, my previous study 
established that glucosamine induces OGT expression, which is 
followed by an increase in O-GlcNAc levels in mESCs (Jeon et al., 
2014). However, a high dose (>1 mM) of glucosamine did not 
induce the mESC protective effect. There are several reports 
showing that a high level of glucosamine-induced HBP activation 
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generates excess ROS, leading to apoptosis (Lima et al., 2012; 
Singh et al., 2007). In addition, there are several reports suggesting 
that O-GlcNAc signaling contributes to undifferentiation and self-
renewal (Jang et al., 2012; Speakman et al., 2014). Furthermore, 
several reports suggest that hypoxia-induced O-GlcNAc signaling 
regulates metabolic alteration as well as survival responses against 
noxious stimuli in stem cells (Ferrer et al., 2014; Gutierrez-
Uzquiza et al., 2012; Song et al., 2014). These results indicate the 
need to clarify the interaction of O-GlcNAc signaling-mediated cell 
survival with metabolic alteration. Based upon current and past 
results, I suggest that O-GlcNAcylation is a key factor in 
maintaining of stem cell populations in vivo. 
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Figure 77. The proposed model for signaling pathways involved in 
glucosamine-induced mESCs survival under hypoxia. Glucosamine 
stimulates O-GlcNAcylation of Sp1 to activate GPAT1 gene 
transcription. Induction of GPAT1 activates LPA receptor, leads to 
mTOR phosphorylation-mediated anti-apoptosis in mESCs under 
hypoxia. 
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There are several recent reports on the interaction between lipid 
metabolic alteration by hypoxia and stem cell regulation. Indeed, 
several researchers have reported that hypoxia modulates lipid 
metabolic processes including fatty acid synthesis and β-oxidation 
(Furuta et al., 2008a; Rankin et al., 2009). My present study shows 
that hypoxia increased levels of metabolic enzymes that contribute 
to fatty acid and bio-lipid metabolite production and phosphatidic 
acid signaling. These lipid metabolites have been reported to have 
the ability to control stem cell functions such as migration, 
proliferation, and survival (Ben-David et al., 2013; Foster. 2013; 
Pebay et al., 2007). In addition, alteration of lipid metabolic 
enzymes profiles by hypoxia appears stem cell type-specific. My 
previous paper reported that hypoxia predominantly increased 
FASN in human mesenchymal stem cells (hMSCs), which regulates 
hMSC proliferation and migration (Lee et al., 2015). Uri et al. 
reported that SCD1 inhibition eliminated undifferentiated human 
ESCs selectively, but my previous study showed that SCD1 
inhibition did not affect hMSC proliferation (Ben-David et al., 2013). 
Taken together, these results indicate a difference in lipid 
sensitivity between stem cell types. In particular, it is noteworthy 
that glucosamine upregulates GPAT1 expression through O-
GlcNAcylation, which plays an important role in mESC survival 
under hypoxia. GPAT1 is a lipid metabolic enzyme localized at the 
mitochondrial outer membrane and is a major form of four GPAT 
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isotypes (Coleman et al., 2004; Gonzalez-Baro et al., 2007). 
GPAT1 metabolizes glycerol-3-phosphate with long chain fatty 
acyl-CoA to form LPA (Sul et al., 1998). Although no reports have 
demonstrated a role of GPAT1 in stem cells, several investigators 
have reported that GPAT1 is a factor potentially controlling various 
cellular processes such as lipid metabolism, mitochondrial dynamics, 
apoptosis, and proliferation in other cell types (Hammond et al., 
2007; Ohba et al., 2013; Wendel et al., 2013). Further investigation 
into GPAT1’s effect and the detailed mechanism for that effect in 
stem cells will provide information important for stem cell 
regulation. As Sp1 is emerging as a potential therapeutic target in 
metabolic diseases, interest in its effect on metabolic and nutritional 
regulation is increasing (Liu et al., 2012a; Solomon et al., 2008; 
Zhang et al., 2014). Furthermore, Sp1 is a transcription factor 
binding to the human GPAT1 promoter and regulating gene 
expression (Chen et al., 1997b; Sul & Wang. 1998). In addition, 
there are several reports suggesting that a HBP flux-mediated 
protective effect is induced via O-GlcNAcylation of specific 
proteins (Champattanachai et al., 2007; Schaffer et al., 2000). 
Moreover, O-GlcNAcylation of Sp1 is important for its subcellular 
localization, stabilization, and transcriptional regulation (Goldberg et 
al., 2000; Kudlow. 2006; Solomon et al., 2008). Taken together, 
these findings indicate that Sp1 regulation by O-GlcNAcylation can 
be a practical approach to metabolic regulation of stem cell fate. 
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Furthermore, my results demonstrate that O-GlcNAcylation-
mediated GPAT1 expression significantly suppresses hypoxia-
induced mESC mitochondrial apoptosis and increases proliferation 
via mTOR activation, which may suggest that glucosamine-induced 
resistance against hypoxia is attributed to GPAT1 signaling-
mediated mTOR activation. The GPAT1 metabolite LPA has been 
reported as a potential bioactive lipid molecule that can modulate 
stem cell function (Costa et al., 2013; Dottori et al., 2008; Liu et al., 
2009a; Ortlepp et al., 2013). You et al. reported that LPA activates 
the mTOR pathway via an LPA receptor-mediated ERK activation 
pathway (You et al., 2012). In addition, there are reports that 
mTOR is a nutrient-sensing molecule and can regulate stem cell 
survival (Kumar et al., 2014; Mungamuri et al., 2006; Zhou et al., 
2007). A previous study reported that AKT/mTOR pathway 
activation increased the expression of anti-apoptotic proteins Bcl-
2 and Bcl-xL, resulting in cell survival and growth. This result 
suggests that there may be interaction between GPAT1 signaling-
mediated mTOR activation and apoptosis-related protein 
expression (Marinov et al., 2009). In this study, I demonstrated that 
glucosamine-induced GPAT1 expression increased mESC survival 
after transplantation; moreover, it prevented ischemia-induced flap 
necrosis in vivo in an animal model.  
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GENERAL CONCLUSION 
Present study showed that hypoxia-regulated lipid metabolic 
enzymes expression has a critical role in proliferation, migration 
and survival of UCB-hMSCs and mESCs. According to previous 
reports, the control of lipid metabolism plays a key role in the 
regulation of stem cell fate. In addition, other investigators 
suggested that application of lipid metabolites such as essential FAs 
is a safe and practical approach to stem cell therapy (Kang et al., 
2014). My study also revealed that lipid metabolites production 
induced by hypoxia and lipid metabolites treatment improve the 
proliferation, migration and survival of UCB-hMSC and mESCs. 
Moreover, O-GlcNAcylation induction and BNIP3-mediated 
mitophagy as key regulators for lipid metabolic enzyme expression 
in stem cells under hypoxia.  
My study demonstrated that hypoxia activates HIF-
1α/FASN/mTORC1 signaling pathway enhancing the UCB-hMSC 
proliferation and migration. This finding suggests that FASN-
dependent mTORC1 signaling activation is a major signaling 
pathway which links hypoxia-induced lipogenesis to proliferation 
and migration of UCB-hMSCs. In addition, palmitic acid stimulates 
UCB-hMSCs proliferation and migration via mTORC1 activation, 
thereby producing cell proliferation and migration levels are similar 
to those obtained from hypoxia treatment. Similary, recent 
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investigators presented that FASN-dependent lipogenesis is critical 
factor for determining stemenss of ESCs and iPSCs (Wang et al., 
2017; Yasumoto et al., 2016). Therefore, previous and present 
studies suggest that FASN is a prospective candidate which has a 
potential as part of novel strategies for regenerative treatments that 
use stem cells.  
Next, my study revealed that BNIP3-mediated mitophagy occurs 
via ROS-dependent HIF-1α and FOXO3 activation, which are 
critical for SREBP1/FASN-dependent lipogenesis, migration and 
anti-apoptosis of UCB-hMSCs. Moreover, there are several 
evidence showing the key role of mitophagy in lipid metabolic 
regulation provides physiological implication and therapeutic 
potential of mitophagy-regulated lipid metabolism (Glick et al., 
2012; Hamacher-Brady et al., 2016). Based upon those findings, 
present study suggests that BNIP3-dependent mitophagy induced 
by hypoxia can be a potential candidate for efficient lipid metabolic 
conversion and physiological regulation of stem cells exposed to 
hypoxia.  
Furthermore, I demonstrated that glucosamine-induced O-
GlcNAcylation of Sp1 stimulates GPAT1 expression, which plays a 
protective role in the survival of mESCs under hypoxia. To my 
knowledge, this is the first detailed identification of signaling 
pathways that allows glucosamine-induced O-GlcNAcylation to 
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control lipid metabolic alteration and provide cytoprotection against 
hypoxia in stem cells; thus, suggesting that lipid metabolic 
regulation via O-GlcNAcylation could be a novel strategy for 
improving the survival rate of ESCs. Consistent with my results, 
recent studies suggested the O-GlcNAcylation as a critical 
mediator of nutritional status to regulate key metabolic pathways 
(Ferrer et al., 2016). Also, elevation of O-GlcNAcylation by OGT 
stimulates SREBP1, which leads to lipogenesis and cell survival 
(Sodi et al., 2017). Previous and present evidences present a 
regulatory role of O-GlcNAcylation-regulated lipid metabolism in 
stem cell fate. Moreover, further investigation into the identification 
of key metabolic pathways regulated by O-GlcNAcylation that can 
regulate stem cell fate may hold additional promise for various stem 
cell applications.  
In conclusion, present study demonstrated that 1) hypoxia-
induced FASN expression activates mTORC1 signaling, which leads 
to proliferation and migration of UCB-hMSCs, 2) hypoxia-induced 
BNIP3-dependent mitophagy stimulates lipogenesis, migration and 
anti-apoptosis of UCB-hMSCs, and 3) the enhancement of O-
GlcNAc signaling by glucosamine protects against apoptosis of 
mESCs through GPAT1 expression (Fig. 78). 
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Figure 78. A schematic model summarizing the proposed pathway 
in the upregulation of proliferation, migration and survival of stem 
cells by hypoxia-induced FASN and GPAT1 expressions. Hypoxia-
induced HIF1α stimulates FASN-dependent lipogenesis, which is 
critical for UCB-hMSC proliferation and migration via mTOR 
pathway. BNIP3-dependent mitophagy induced by hypoxia 
regulates the FASN-dependent lipogenesis, subsequently leads to 
mTOR-dependent migration and survival of UCB-hMSCs. 
Glucosamine-mediated O-GlcNAcylation enhances hypoxia-
induced GPAT1 expression, leads to mTOR-mediated survival of 
mESCs  
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국 문 초 록 
 
저산소 유도 지질 사 효소 발현이 
mTOR 신호에 의한 줄기세포 
행동에 미치는 영향 
 The effect of hypoxia-induced lipid 
metabolic enzymes expression on mTOR 
signaling-regulated behavior of stem cells 
 
서울 학교 학원 
수의학과 수의생명과학 전공 
이 현 직 
지도교수 한 호 재 
 
저산소 환경에서 일어나는 영양소 사 조절은 줄기세포의 항상성 
유지와 세포 행동 조절을 위한 필수요소이다. 특히, 지질 사 및 
지질 사체는 줄기세포의 에너지 사, 분화능, 증식능, 이주능 조절에 
- 286 - 
 
있어 중요한 역할을 담당한다. 이전 연구자들은 저산소 환경에서 
유도되는 미토콘드리아 자가 탐식과 O-GlcNAc 수식화 신호가 
사조절과 접한 관련이 있음을 제시하였다. 하지만 미토콘드리아 
자가 탐식과 O-GlcNAc 수식화 신호 조절이 저산소 환경에 노출된 
줄기세포 지질 사와 이주능, 증식능, 세포사멸과 같은 행동 조절에 
미치는 영향에 해서는 자세히 알려져 있지 않다. 따라서 본 연구는 1) 
줄기세포에서 저산소 환경이 지질 사 조절 효소 발현에 미치는 영향과 
지질 사체에 의한 세포 행동 조절 효과를 조사하고, 2) 저산소 환경에 
의해 조절되는 미토콘드리아 자가 탐식 및 O-GlcNAc 수식화 신호가 
지질 사 조절 효소 발현에 미치는 영향 및 관련 기전을 규명하기 위해 
수행되었다. 결과는 아래와 같다. 
1. 저산소 처리는 줄기세포의 중식능과 이주능을 증가시켰으며, 
지방산 합성 효소인 FASN의 발현을 증가시켰다. FASN 억제제 처리는 
저산소 환경에 의해 증가된 줄기세포 증식능을 감소시켰다. 이외에도 
저산소 환경은 HIF-1α/SREBP1 경로활성을 통한 FASN 발현과 
mTOR의 인산화(Ser2481, Ser2448)를 증가시켰으며, 이는 FASN 
억제제 전처리에 의해 감소되었다. FASN 또는 mTOR 억제제 전처리는 
저산소 처리에 의해 증가되었던 줄기세포의 증식능과 이주능을 
억제시켰다. 저산소 처리는 세포주기 조절 단백질의 발현과 세포골격 
조절 단백질의 발현 및 활성을 촉진시켰으며, 이는 mTORC1 신호 조절 
단백질인 RAPTOR 발현 억제에 의해 감소되었다. 따라서 저산소 
환경은 HIF-1α/SREBP1 신호경로 활성을 통해서 FASN 발현을 
유도하며, 이는 mTORC1 신호 활성을 통하여 줄기세포의 증식능과 
이주능을 촉진시켰다. 
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2. 저산소 처리는 줄기세포내 미토콘드리아 표지 단백질 발현을 
감소시켰으며, 미토콘드리아 자가 탐식 조절 단백질인 BNIP3의 발현을 
증가시켰다. BNIP3 발현 억제는 저산소 환경에 의해 유도되는 
줄기세포의 미토콘드리아 자가탐식 작용을 억제시켰으며, 세포 생존율과 
이주능을 감소시켰다. 저산소 환경에 의해 활성화된 HIF-1α와 
FOXO3 신호경로는 BNIP3의 전사를 증가시켰다. 또한 BNIP3의 발현 
유도는 SREBP1/FASN 의존성 자유지방산 생성과 mTOR의 활성을 
촉진시켰다. 마우스 상처치유 모델에서 BNIP3 발현이 억제된 
줄기세포에 저산소 전처리 후 상처치유 모델에 이식은 저산소 전처리 
줄기세포 단독 처리군에 비해 상처치유 효과, 이식세포 생착률을 
감소시켰으며, 이는 팔미트산 전처리에 의해 회복되었다. 따라서 저산소 
환경에 의해 유도된 BNIP는 미토콘드리아 자가 탐식 작용을 조절하는 
주요 단백질로서 저산소 환경에서 유도되는 FASN 매개의 지방산 
합성을 증가시키고 줄기세포의 이주능과 생존율을 향상시켰다. 
3. 저산소 처리는 마우스 배아줄기세포의 생존율을 시간의존적으로 
감소시켰다. O-GlcNAc 유도체 글루코사민 처리는 세포내 O-GlcNAc 
수식화신호를 유의적으로 항진시켰으며, 저산소 처리에 의한 
세포자멸사를 억제시켰다. 또한 글루코사민 처리는 저산소 처리에 의해 
유도된 Sp1의 O-GlcNAc 수식화와 핵내 이동을 촉진시켜 GPAT1의 
발현을 증가시켰다. GPAT1 발현 억제는 글루코사민 처리에 의한 
mTOR 인산화와 세포 생존율을 감소시켰으며, 이는 GPAT1의 
사산물인 LPA 처리에 의하여 회복되었다. 마우스 피부허혈 모델에서 
글루코사민이 전처리된 마우스 배아줄기세포의 이식은 세포 생착률과 
피부 생활률을 증가시켰지만, 이는 GPAT1 발현 억제에 의해 
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감소되었다. 따라서 글루코사민을 이용한 마우스 배아줄기세포내 O-
GlcNAc 수식화 항진은 GPAT1 매개의 mTOR 활성을 통해서 허혈성 
손상에 의한 세포자멸사를 억제시켰다. 
결론적으로 1) 저산소 환경에 의해 유도되는 HIF-
1α/FASN/mTORC1 신호는 인간 제 혈 중간엽줄기세포의 증식능, 
이주능, 생존율을 향상시키는 중요한 신호경로이다. 2) BNIP3는 저산소 
환경에 노출된 줄기세포의 지방산 합성과 이주능 및 세포 사멸을 
조절하는 주요 미토콘드리아 자가 탐식인자이다. 3) 글루코사민에 의한 
O-GlcNAc 수식화 신호 항진은 GPAT1 발현을 유도해 마우스 
배아줄기세포의 허혈성 손상을 감소시켰다. 이러한 연구 결과는 저산소 
유도 지질 사에 기반한 줄기세포 행동 조절의 기초자료를 제시함으로써 
향후 세포치료제 개발에 활용될 수 있을 것이다. 
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